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Editors’ Note 


The aim of the International Astrophysics Series is to provide a collection 
of authoritative volumes dealing with the main branches of Astrophysics 
and Radio Astronomy. The need for such a series of books has arisen 
because of the great developments which have taken place in these fields 
of work during recent years. 

The books will be suitable for both specialists and students. Some of 
the titles may have a wider and more popular appeal, but this will be 
secondary to their main purpose, which is to assist in the teaching of 
Astrophysics and Radio Astronomy and in the advancement of these 
subjects themselves. 
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Author s Preface 

Recent years have seen a great increase in interest in gaseous nebulae 
and the interstellar medium. The relation of these subjects to galactic 
radio emission, stellar evolution, and even cosmic rays have attracted 
ever-increasing attention. 

The first version of the present work was prepared by the writer while 
he was at Harvard University and at the University of California between 
1940 and 1945. The profound changes which have occurred in the subject 
since then have required a complete revision of the older manuscript. 
Developments have been particularly striking in the observational side. 
Olin Wilson’s measurements of the internal motions in the planetaries and 
Minkowski’s beautiful direct photographs of these objects have drastically 
changed our concepts of these nebulae. 

The study of diffuse gaseous nebulae has been accelerated by the 
development of techniques capable of studying objects of extremely low 
surface brightness. Radio-frequency observations may assist us greatly in 
the study of these extended nebulae. 

On the theoretical side much basic work remains to be done. Although 
the fundamental physical processes appear to be well understood, the 
theory of certain necessary parameters such as target areas for collisional 
excitation of lines is not yet in a satisfactory state. The hydrodynamical 
theory of gaseous nebulae is only in the earliest stages of its development. 

No attempt has been made to treat all topics in the same detail. For 
example, the diffuse nebulae form a component of the interstellar medium, 
a subject which will be treated in another volume of this series. Hence 
they have not been discussed as comprehensively as have the planetary 
nebulae. 

L.H.A. 

Ann Arbor, Michigan 
March 23, 1954 
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CHAPTER I 


Types of Gaseous Nebulae 

1. Introductory Remarks 

The term nebula has been employed by astronomers to denote diffuse 
telescopic objects that cannot be resolved into stars. It is in some respects 
an unfortunate word since it includes both clouds of particles and gas and 
whole stellar systems. In our present survey we shall be concerned with 
objects of the first type and particularly those that are predominantly 
gaseous. It is customary to speak of these bodies as diffuse or galactic 
nebulae; stellar systems that are catalogued or described as nebulae are 
ordinarily referred to by such terms as extra-galactic nebulae, spiral 
nebulae, elliptical nebulae, external galaxies, or simply galaxies. The last- 
mentioned term will be employed throughout this book to denote all stellar 
systems of galactic dimensions outside our own Milky Way system. Unless 
otherwise qualified the term “nebula” will be used to denote galactic 
nebulae. 

The best known of all galactic nebulae is the Orion nebula which, as 
far as naked-eye observations are concerned, contributes a misty appear- 
ance to the central star of the sword. Other nebulae were found shortly 
after the invention of the telescope. A number are included in Messier’s 
catalogue, that list of nuisances to the searcher for comets. The first great 
contribution to the study of the nebulae was made by Sir William Herschel, 
who recognized the planetary nebulae as a distinct class of object and who 
catalogued great numbers of diffuse nebulae and galaxies. These studies 
were extended to the southern hemisphere by his son, Sir John Herschel. 
Later investigators added further objects; the nineteenth-century work 
culminates in Dreyer’s compilation of the New General Catalogue of 
Clusters and Nebulae. The NGC, as it is abbreviated, gives the right 
ascensions, north polar distances (90° — <5), where <5 is the declination, and 
brief descriptions of the object. There are two supplements or index 
catalogues. Thus IC 4997 or NGC II 4997 means object No. 4997 in the 
index catalogue, in this instance in the second index catalogue. 

The number of known galactic nebulae has been greatly increased by the 
photographic surveys which have utilized narrow band-pass filters and 
objective prisms. Cederblad listed the diffuse galactic nebulae known up 
to about 1945. Further objects have been added since then by Stromgren, 
Sharpless and Osterbrock, and Morgan at the Yerkes Observatory, by 

l 



2 GASEOUS NEBULAE 

Shajn and Hase at Simeis, and by other observers. Minkowski at Mt. 
Wilson and, to a lesser extent, Henize in South Africa have added many 
new planetaries to our list. 

The nineteenth-century observers recognized a distinction between two 
types of nebulae — objects that showed a faint greenish appearance when 
observed under optimum conditions and which tended to congregate 
towards the Milky Way, and “white” nebulae that avoided the Milky 
Way. The former were subsequently identified as galactic nebulae, the 
latter as galaxies. 

In the early part of the nineteenth century a belief persisted in some 
quarters that all nebulae were really stellar systems seen at great distances. 
Herschel did not subscribe to this view; he believed that the planetaries, at 
least, consisted of a shining fluid and not of an aggregate of stars. Lord 
Rosse, at the other extreme, thought he resolved the Orion nebula into 
stars. The spectroscope solved the problem conclusively. Huggins found 
that the planetaries and the Orion nebula showed a bright-line spectrum, 
and therefore consisted of incandescent gases* The dark-line spectra of the 
white nebulae are usually much more difficult to observe because of their 
low surface brightnesses, but subsequent work showed them to give spectra 
of the type to be expected from a clustering of stars at a great distance. 

Let us now turn to a detailed consideration of the different types of 
galactic nebulae. 

2. The Planetary Nebulae 

The planetary nebulae owe their picturesque designation to their frequent 
resemblance to the pale green disks of the giant planets Uranus and 
Neptune. Their spectra are characterized by strong forbidden lines of 
oxygen, nitrogen, neon, etc., and the re-combination lines of hydrogen 
and helium. The radiation of each nebula is derived by the degradation 
of ultra-violet energy of a small, extremely hot central star. A typical 
planetary has a radius of about ten thousand astronomical units, a density 
between 10 2 3 and 10 4 ions/cm. 3 , and an electron temperature of the order 
of 10,000° K. or more. 

Some planetaries such as the celebrated Ring nebula appear as disk or 
ring shapes, or even as double rings (e.g. NGC 3242). All these rings 
display irregularities or a filamentary structure when examined with a 
sufficient scale. Others show complicated forms which defy interpretation 
in terms of any simple geometrical model or physical theory of an outburst 
of the central star. 

The planetaries belong to Baade’s population Type II and have a spatial 

* Objects such as the Orion nebula have been shown also to contain solid particles as well 
as gases. 



TYPES OF GASEOUS NEBULAE 3 

distribution similar to that of the RR Lyrae stars. They show little galactic 
concentration, being dispersed to great distances from the galactic plane. 
They do show a very strong concentration towards the centre of the galaxy, 
i.e. towards the Sagittarius Star cloud, where most of them are found. The 
central stars appear to have absolute photo-visual magnitudes near 0, 
while the planetaries themselves may have magnitudes ranging up to —3 
or —4. 

3. Shells Associated with Novae and Nova-like Stars 

Among the gaseous nebulae we may place also the shells ejected by novae 
that are sometimes observed as small nebulae surrounding the old star 
some years after the outburst. Although these nebular shells are short- 
lived phenomena, the character of their spectra and the physical processes 
that occur in the attenuated envelopes bear a close relationship to what 
goes on in a planetary or other gaseous nebula.* For example, a month 
after the outburst of Nova Aquilae, 1918, the expanding shell had a radius 
about that of Neptune’s orbit and its density and spectrum was of the 
nebular type. Some months later Barnard observed a small nebula around 
the star whose diameter grew at the rate of about two seconds a year, 
gradually growing dimmer until it had faded away. Nova Persei, 1901, 
had a somewhat irregular-looking nebular shell, which showed the charac- 
teristic radiations of a typical gaseous nebula, hydrogen, helium and 
forbidden lines of oxygen and neon. 

Even more interesting features were exhibited by the shell that developed 
around Nova (DQ) Herculis, 1934. f In 1940, when photographed by 
W. Baade in the light of the N\ ; - N 2 radiation, the nebula appeared as a 
small elliptical disk of uniform brightness. The nebula was so bright that 
the central star was hidden both in photographic and photo-visual light. 
By mid- 1942 the surface brightness had fallen off 1-2 magnitudes and in 
the radiation of the green nebular lines the object appeared as an elliptical 
ring nebula of dimensions 4" x 3". The thickness of the shell was about 
half the outer radius of the nebula. The surface brightness in the blue 
regions and in the [GUI] lines seemed rather constant over the disk (see 
Fig. 2). In the light of the 26548, 26584 [All] lines, however, the strongest 
emission was situated in two condensations along the minor axis, whereas 
two weaker condensations appeared at the end of the major axis. In addi- 
tion to these concentrations a weaker general emission extended over the 
image. The [All] images showed conspicuous changes in shape and inten- 
sity the following month. Marked changes in excitation conditions must 
have occurred in a short time. 

* We must emphasize, however (see also Chapter VI), that nova shells are not related to the 
planetaries. 

f Baade, W., Publ. A.S.P., 52 , 386 (1940); 54 , 244 (1942). 



4 GASEOUS NEBULAE 

The similarity in spectra and appearance between old novae and 
planetary nebulae have led some writers to suggest that the planetaries 
originate from old novae. It is certain that they cannot have been produced 
by ordinary novae which eject their shells with speeds of hundreds or even 
thousands of km. /sec. They may be produced by slow nova-like variables 
such as rj Carinae or FU Orionis, but no observational evidence is available 
to settle this point. We do not know whether these objects belong to 
Baade’s population Type II as do the planetary nebulae. 

Certain nova-like, or combination, variables as they are sometimes called, 
also appear to have nebulous envelopes. In this class of objects we may 
mention BF Cygni, Cl Cygni, Z Andromedae, AX Persei, and RW Hydrae. 
All are characterized by late-type spectra on which are superposed emission 
lines of hydrogen and helium and permitted high excitation lines of other 
elements, permitted and forbidden lines of iron in various stages of ioniza- 
tion, and forbidden lines characteristic of the planetaries. In BF Cygni, 
for example, the principal star, whose spectrum is usually smothered by 
a high-temperature continuum, is a late-type star for which Merrill has 
suggested a spectral class gM4. Associated with this is a strongly variable 
high-temperature source which provides the excitation for the bright lines. 
Surrounding these objects appears to be an extended envelope in which 
appear the lines of Fell, [Fell], and [Felll] and perhaps also the re- 
combination lines of H and He. Finally, there is an outer nebula where the 
well-known forbidden lines of [OIII] and [Atelll] are produced. Merrill’s 
radial velocity measurements show that these different groups of lines have 
different mean displacements, indicating that these radiations originate in 
different strata. Unlike a planetary nebula in which the distribution of the 
various radiations can be identified quickly by a slitless spectrograph, 
the spatial distribution of the radiating gases in a system such as BF Cygni 
has to be inferred indirectly from the data of velocities and excitations. Of 
particular interest are the changes exhibited by the fines of [OIII] and 
[iVelll], which are more rapid than in any other star. The speed of the 
changes shows that the density in the nebular envelope where the [OIII] 
lines are produced must be as great as 10 6 ions/cm. 3 . Thus the densities 
are comparable with those existing in the envelopes of novae in their 
nebular stage rather than with those characteristic of planetary and diffuse 
gaseous nebulae. We shall not pursue the subject of nebular shells of 
novae further in this book other than to point out that much of the theory 
developed for the planetary nebulae is applicable to these shells also. 

Mention must be made of the Crab nebula which has been identified 
as the remnants of a supernova that appeared in the year a.d. 1054. The 
bright emission fines originate in delicate filaments; the amorphous back- 
ground mass radiates a continuous spectrum and appears to be at a 
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temperature of about 500,000° K. or even more. Significantly, the Crab 
nebula is a strong source of radio-frequency radiation as is also Tycho’s 
supernova of 1572. All radio sources have not been identified with ex- 
supemovae, but some which have been associated with optically recogniz- 
able objects have been identified with unusual nebulosities not necessarily 
relics of supernovae. Some radio sources are normal external galaxies such 
as M31. Another is interpreted as galaxies in collision (Cygnus A source), 
while the elliptical nebula M81 in Virgo is an unusually strong radio source. 

R Aquarii is an example of a system in which a hot source is associated 
with a long period M-type variable and a variable nebula. The usual 
nebular lines are strong in the composite spectrum and the bright lines of 
iron are also observed. 

In the spectra of many stars such as Z Andromedae, Cl Cygni, or AG 
Pegasi, strong forbidden and permitted emission lines of iron in various 
stages of ionization are present. Presumably these emission-line spectra 
are characteristic of much higher densities than exist in typical gaseous 
nebulae. Forbidden lines of iron, nickel, and various other metals in 
different stages of ionization are observed in many gaseous nebulae, but 
they are always weak in comparison with the forbidden lines of the lighter 
non-metals. We shall see (page 194) that these differences arise as a conse- 
quence of different densities rather than as a consequence of differences in 
chemical composition between the nebulae and the stars. 

4. Gaseous Galactic Nebulae 

The galactic nebulae associated with the Type I population are confined 
to the spiral arms of our galaxy. They include objects that appear to be 
purely gaseous as well as objects that contain great quantities of solid 
particles. When illuminated by nearby stars or by the general galactic 
radiation field they appear as bright nebulae; when not so illuminated the 
clouds that contain particles appear as dark lines or filaments hiding the 
stars behind them. Let us first consider the gaseous nebulae with the aid 
of a few illustrative examples of various types. 

Among the objects with the highest aesthetic rating must be placed the 
Network or Veil nebula in Cygnus (see Fig. 3). It consists of two well- 
defined arcs, with some fainter nebulosity between them. Each of these 
larger patches is resolved into an intricate pattern of fine, thread-like 
filaments whose delicate structure was well exhibited on Ritchey’s beautiful 
photographs secured forty years ago with the 60-in. reflector at Mt. Wilson. 
The pattern of the nebulosity suggests that it may be the remnants of an 
ancient nova (or supernova) explosion. Radial velocity measures do not 
lend any definite support to this hypothesis, however, as they do not 
indicate any clear-cut expansion. Spectroscopic observations and filter 
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photographs indicate that the radiation is almost if not entirely bright-line 
emission; there appears to be no contribution arising from reflection by 
particles. Similarly, the so-called California nebula, NGC 1499, appears 
to be entirely gaseous. Photographs taken in the red or green, where strong 
nebular lines appear, show the distinctive filaments of the nebula. On the 
other hand, if one uses a filter-plate combination that isolates a region in 
the yellow where there are no nebular lines of any consequence, no trace 
of the nebula appears ! 

The red radiation of //a+[MI] is usually among the stronger nebular 
emissions. Hence photographs taken with a red Plexiglas filter and East- 
man 103a-E (Ha— special) emulsion are particularly useful for picking up 
moderately faint emission nebulosities. The Palomar 48-in. Schmidt sky 
survey, which uses this combination of plate and filter, has recorded 
extended areas of nebulosity where little had been suspected before. In 
Cygnus, for example, vast areas interlaced with seemingly chaotic, faintly 
luminous clouds of hydrogen are revealed. These wisps have a distribu- 
tion of sizes with a maximum frequency in the neighbourhood of 5 to 
10 parsecs.* They give the impression of a complete lack of order and 
symmetry. Probably they derive their excitation from scattered groups of 
stars rather than from a single star or cluster of stars. 

More orderly appearing, possibly only because the exciting radiation 
emanates from a single group of stars, is the Monoceros nebula described 
by R. Minkowski.t The open galactic cluster NGC 2244, whose brightest 
star is S Monocerotis, is surrounded by a diffuse nebula whose brightest 
parts had been catalogued previously as NGC 2237, 2238, and 2246. The 
spectrum shows lines of [0III], [iVielll], and H. The distance of the nebula 
is 760 parsecs, so its diameter of 80' amounts to 17 parsecs. It appears 
that the interstellar medium forms a dense cloud in this region and the 
observed nebula is only the portion thereof which is ionized and caused 
to shine by the hot stars in the cluster NGC 2244. The surface brightness 
in Ha, as measured by G. E. Kron, is 1-3 x 10~ 3 erg/cm. 2 /sec. from which 
a density of 23 ions/cm. 3 is derived on the assumption the electron tempera- 
ture is 10,000° K. This result is in good agreement with the density 
estimated from the radius of the luminous shell and the magnitudes and 
temperatures of the illuminating stars in accordance with the Stromgren 
theory (see Chapter VII). The mass of the bright nebulosity amounts to 
about ten thousand times that of the sun. 

With a specially designed nebular spectrograph, Struve and his co- 
workers photographed the lines of faint emission nebulosities along the 
Milky Way.+ With this technique they were able to locate radiation from 

* Ap. J„ 113, 120 (1951). t Publ. A.S.P., 61, 151 (1949). 

X See, for example, Journ. Wash. Acad. Science, 31, 217 (1931). 
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nebulae with densities of the order of 2 or 3 ions/cm. 3 , i.e. nebulosities of 
much lower density than could be photographed by ordinary procedures. 
Faint nebulae have also been studied with other fast spectrographs and by 
interference filter techniques (see Chapter II). 

5. Diffuse Galactic Nebulae containing both Gas and Solid Particles 

The best known of the nebulae that contain sizeable proportions of solid 
particles as well as gas are the Orion, Trifid, and Messier 8 nebulosities. 
The whole constellation of Orion is shown to be permeated with bright 
nebulosity, and there are dark clouds containing particles. The celebrated 
Horse-head nebula is the most striking example of these obscuring clouds. 
The Orion nebula is but a small illuminated volume in a vast cloud of 
stars, gas, and dust. The entire Orion group of stars has been shown to 
form a single aggregate at a distance from us of about 500 parsecs.* 

Fig. 4 shows the Messier 8 nebulosity as photographed with the Curtis 
Schmidt telescope upon Eastman 103a-E emulsion through a red Plexiglas 
filter. Notice the dark lines of obscuring matter and small dark globules 
of obscuring matter projected against the bright nebula. Observe also the 
delicate filaments of luminous matter in the outer portions of the nebula. 
It is of interest to see if these filaments are emission-spectrum or continuous 
spectrum features. The question can be settled easily with the aid of an 
objective prism spectrogram taken with the same plate and filter combina- 
tion (see Fig. 5). The stars are drawn out into short spectra but the delicate 
features of the nebula are still there, demonstrating that a good share of 
the radiation is of emission-line origin. The contrast between the sharp 
features and the background is less than on the direct exposure, indicating 
that at least some of the radiation is simply scattered light from the illu- 
minating stars. Similar observations have been made for the Trifid and 
other nebulae. 

From colour excesses of stars embedded in the nebulosity and from 
star counts, it is evident that there is much obscuring matter in this region. 
Both of these objects lie in the same spiral arm as the sun, apparently along 
a great broken filament of interstellar matter that includes also the southern 
Coal Sack and the great rift in the Milky Way. 

Solid grains appear to play an important role in such objects as the 
Messier 8 nebulosity; the bright lines of H, [Oil], [OIII], and [Atelll] 
which characterize the spectra of M8, MI6, and M20 are produced by 
incandescent gas, much of which may have been liberated by the evapora- 
tion of grains. The continuous background is partly scattered starlight and 
partly surface fluorescence caused by the high-frequency radiation of the 
exciting star. 

* Sharpless, S., Ap . 116, 251 (1952). 
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6. Diffuse Nebulae in External Galaxies 

Diffuse, emission-line nebulosities are characteristic of Type I popula- 
tions and may be expected wherever these populations are found. Thus, 
emission nebulosities are found in the outer spiral arms of the Andromeda 
spiral, where a fringe of Type I objects seems to be appended to a galaxy 
which is predominantly of Type II. The Large Magellanic Cloud, which 
seems to be mostly a Type I system, reveals a great number of emission 
nebulosities of which the largest, brightest, and most intricate is the Loop 
nebula 30 Doradus, which is many times the size of the Orion nebula (see 
Fig. 6). In addition to large, irregular, filamentary nebulae, the Large 
Magellanic Cloud contains numerous, small, round condensations of high 
surface brightness. The Small Magellanic Cloud also contains gas and a 
population I, although its stellar population is predominantly Type II. 
The Australian radio measures show that this gas exists mostly in the 
neutral state and therefore cannot be observed by optical means. 

One of the richest galaxies in terms of emission nebulosities is the 
Spiral M33. Fig. 7 shows an objective prism spectrogram secured with the 
Curtis Schmidt telescope and 6° objective prism. The red Plexiglas filter 
used in conjunction with a 103a-E plate isolates a small spectral region in 
the neighbourhood of Ha. The stars are drawn out into short spectra; the 
nebulae appear as small points or condensations. Some of these nebulae 
were known many years ago on the basis of direct photographs; many 
were found by Director G. Haro with the Schmidt telescope at Tonanzintla. 
The sizes of the nebulosities vary over a large range; from perhaps a couple 
of parsecs to 50 or 100 parsecs. The surface brightness of those large 
enough to appear as areas on our plates have been measured by comparison 
with widened spectra of stars of known magnitude in Selected Area 45 
which can be photographed on the same plate (see Chapter II). On the 
assumption that the nebulae are roughly spherical in form, that the nebular 
radiation comes primarily from Ha (see p. 147), and that the electron 
temperature is 10,000°K., the average densities given in Table 1:1 are 
found. Similar studies have been made by Shajn and Hase. 

Photographs taken with larger telescopes (e.g. the 60-in. reflector at Mt. 
Wilson and the 200-in. Hale telescope) show that these nebulosities are 
often quite complex aggregates of filamentary material. Hence the average 
densities in the filaments are larger than the values given in Table 1:1. 
Further revisions are to be expected when more recent observations have 
been reduced. 

These electron densities, while much smaller than those characteristic of 
the brighter diffuse nebulae (such as Orion or Messier 8) in our own galaxy, 
are higher than those found in the extended regions of emission observed 
by Struve and his co-workers. Regions of ionic densities lower than 




Fig. 1:1. The Planetary Nebula* 
u=f F'26 iru 2, <3 — 52° 39'. 

(Photographed at the Hoyden station of the Harvard Colley Observatory, Bloemfontein, O.F.S.* 

South Africa, March 15 19484 


•S# * 


Fig. \ : 2, The Nebular Shell of DQ Hercidh in 1942. 

Left . The star and nebula in blue light. 

Centre . The nebula as photographed in the green radiation of 
[OlllJ. The star is relatively faint in these wavelengths. 

Right. The nebular shell as photographed with a plate and filter 
combination that isolates [Nil] A6548, A6584; Ha is weak. 

(Photographs by Walter Baade, ML Wilson Observatory, 1942. Reproduced from an article by 
O . H McLaughlin, Sk i ■ a n d 7V lex rope , 5 , No, 7 * Mil y { 1 946 ) . } 


[ Between pp. 8 and 9 




Pic;. 1:3. NGC 6960 , a Portion of the Network Nebula, 

This exposure was taken on an P'astman I03a-O emulsion with a Wratten ISA filter. The radiation is primarily due to [Oil]. 
(Photographed with the Curtis Schmidt telescope at the University of Michigan b> J. W. Chamber lain.) 
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10/cm. 3 probably contribute much to the background radiation in this 
spiral. Spectrographic observations show that the 43727 [Oil] radiation 
permeates large regions of this spiral. 


Table 1:1 

Typical Emission Nebulosities in Messier 33 


Nebula 

Assumed extent of 
radiating matter 
along line of sight 
(parsecs) 

Surface brightness 
in Ha ergs/cm. 2 / 
sec. /unit solid angle 

Ionic 

density 

ions/cm. 3 

NGC604 

24 

19x 10 -4 

40 

NGC588 




dense portion 

16 

2-5 x 10"* 

25 

faint portion 

33 

l-OxlO" 4 

10 

NGC 595 (A) 

33 

1-6x10-4 

14 

(B) 

13 

2-8 x 10- 4 

27 

Mayall No. 3 

11 

2-6 x 10 -4 

28 

IC 142 

16 

2-2 xlO* 4 

21 

IC 131 

13 

3-6 xlO- 4 

30 


A catalogue giving the positions and descriptions of the emission nebulae 
in the Magellanic Clouds has been prepared by Karl Henize. Measures of 
their surface brightnesses (or a quantity proportional to the integrated 
luminosity) and estimates of their densities have been made by Karl 
Henize, Lowell Doherty, and the writer. A similar catalogue of the emis- 
sion nebulosities in Messier 33 is being prepared by the writer. Guillermo 
Haro has made a special search for emission nebulosities in external 
galaxies with the Tonanzintla Schmidt. 

7. Gaseous Nebulae and the Interstellar Medium 

The planetary nebulae and the shells associated with novae appear to be 
examples of pure gaseous nebulae, and although complications are intro- 
duced by the geometry of the distribution of the radiating gases, many 
problems posed by these objects are amenable to theoretical attack. 

The gaseous nebulae associated with the Type I population pose prob- 
lems of a much more complex sort. The range in density is enormous: 
from 1 or 2 ions/cm. 3 for certain of the faint emission regions observed by 
Struve and by Strdmgren and Hiltner to 10 3 -10 4 ions/cm. 3 in the Orion 
nebula. Furthermore, the diffuse galactic nebulae often contain solid 
particles as well as gas. These grains have a profound effect on the 
physical processes occurring in such nebulae and theoretical procedures 
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worked out for purely gaseous nebulae are not always available. The 
interstellar medium, grains and gas, is far from homogeneous in density 
and temperature. The fluctuations in density are so great that the use of 
an average density or coefficient of absorption is quite meaningless. 
Finally, the grains and gas tend to collect together in aggregates, so that 
when the space density of the grains is high, that of the gas will be high 
also. 

In this book we are primarily concerned with gaseous nebulae, and 
therefore we shall emphasize objects such as planetary nebulae rather than 
diffuse objects that contain great quantities of solid material, although the 
latter will come in for some discussion. 
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CHAPTER II 


Methods of Observation 

The earliest direct and spectroscopic observations of diffuse and gaseous 
nebulae had to be made visually. These observers must be given consider- 
able credit for the detection of numerous faint and difficult objects. Many 
of these nebulae are elusive and not easy to see, even when one knows 
exactly where to look. 

The drawings and descriptions were necessarily inadequate. Most of 
the details are at the limit of visibility and are extremely elusive. Many 
of the characteristic features of the planetary and diffuse nebulae were 
recognized by the visual observers. The filamentary character of the ring 
of NGC 6720 was recognized by visual observations made at the Lick 
Observatory in 1888. (1) The delicate striae or bands that cross the interior 
of the ring were noticed by Lord Rosse in 1844 <2) and confirmed by 
photographs secured by Keeler with the Crossley reflector fifty-five years 
later. 

The celebrated Orion nebula has been studied in greater detail than any 
other galactic nebula. Huyghens made the first drawing in 1656. Since 
then many observers have published drawings and descriptions of this 
object. 

One of the best drawings was that due to G. P. Bond of the Harvard 
College Observatory. 0 * We reproduce it to compare a sample of the best 
visual work with the best photographic work (see Fig. 2). E. S. Holden (4) 
examined and critically compared the numerous early visual observations 
and drawings of this object. At the end of his monograph he published 
a single photograph obtained by Henry Draper with an 11 -in. telescope. 
Even this early photograph gives a much more accurate idea of the nebula 
than does the best drawings. 

Before the end of the nineteenth century, the photographic method had 
superseded the visual method for the study of the forms and shapes of the 
nebulae, although visual spectroscopic work was still carried on. The 
beginning of the modern era in nebular photography came with the work 
of James E. Keeler with the Crossley reflector at the Lick Observatory. (5) 
His photographs included the Orion nebula, M8, Ml 7, and M20 
among the diffuse gaseous nebulae and NGC 3242, the Owl nebula 
M97, NGC 6543, the Ring nebula NGC 6720, NGC 7009, and NGC 
7662. 


ll 
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1. Direct Photography— filters 

The available type of telescope or camera determines the kind of object 
we can study. With a large reflector which is characterized by sizeable 
light-gathering power but with a small coma-free field, one may work to 
advantage on such things as planetary nebulae which have small angular 
diameters. On the other hand, a Schmidt camera permits us to work on 
much more extended nebulosities of lower surface brightness while a fast, 
wide-angle camera such as the Henyey-Greenstein camera or the Baker 
super-Schmidt permits the observer to study extended, very faint nebulae. 


Table II : 1 


Wavelength 

Region 

Filter 

Eastman 

Emulsion 

Remarks 

3727 

Schott UG2 1 mm. thick 

na-o, 103a-O 

(i) 

n x +n 2 

glass GG7, Schott GG11 

Ila-O 

(2) 

A5200-A5500 

W Fluorzine, T filter (gelatine) 

103-G 

(3) 

Ha 

RG2 or RG5 

103a-E 

(4) 

A6150 

Wratten 29F 

C 

(5) 


(1) This combination cuts out all wavelengths longward of A3850 A. and permits very long 
exposures. 

(2) Avoid process plates which are insensitive to the green nebular lines. 

(3) Corresponds to photo-visual region. 

(4) RG5 is better for a narrow wavelength range. 

(5) This combination is used to compare Ha to the continuum from A6150 to the end of 
sensitivity of the “C” plate. 

If the nebula has strong monochromatic radiations, considerable progress 
can also be made by the choice of appropriate filters and photographic 
emulsions. For example, one may choose one plate and filter combina- 
tion such as the Eastman 103a-F emulsion plus a Corning 2403 filter to 
isolate a spectral region 300 A. wide centred on Ha and another combina- 
tion of a yellow filter with an orthochromatic plate to cover a region in the 
visual where no strong emission lines appear; one thus obtains photographs 
of the nebula in both its continuous and its line radiation. For purposes 
of illustration Table II : 1 lists some plate-filter combinations employed by 
Baade in order to isolate gaseous nebulae from other objects in external 
galaxies and to study particular features of selected gaseous nebulae. 
Minkowski used somewhat similar filter-plate combinations to great 
advantage in the photography of planetary nebulae. These objects can 
also be studied with the slitless spectrograph (see Section 3) with the aid 
of which it is possible to compare different monochromatic images. By 
filter photography alone, however, it is possible to photograph the nebula 
in the radiation of the visual or ultra-violet continuum and compare these 
results with those found for the Balmer and forbidden lines. 





Fig. 11:1. Bond's Drawing of the Orion Nebula, 

(Reproduced from Vol. 5 of the Annuls of the fitmurti College Observatory^ 1867.) 


it idng page 1 2 




Fig. 11 : 2. The Orion Nebula. 

I Photographed by N. L . Mayull uitfo the Crossley reflector at the l ick Observatory.) 




Facing page 13] 
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Filter techniques are advantageous for the photography of extended 
faint nebulae because the emissions of the nebula can be transmitted by 
the filter, whereas much of the background or night-sky ill umina tion is 
cut out. 

Among the most important types of filters are the recently developed 
interference filters (6) which isolate a narrow wavelength region of the 
spectrum. Their action is based on the principle of the Fabry-Perot inter- 
ferometer (Section 2) and they are best used in parallel light. A glass plate 
is coated with a thin film of silver and on top of this is evaporated a layer 
of magnesium fluoride. Then a second layer of silver is added and a glass 



Flu. II : 3. The Interference Filter. 

A single ray from a point P in a nebula is depicted as passing 
through an interference filter which consists of a glass plate G 
upon which are deposited a silver coat, S, a dielectric layer D, and 
a second silver coat. S'. A cover glass G' is cemented on to 
protect the filter. We represent the filter as being used over the 
objective lens of a small patrol camera. Three orders of reflection 
are shown. 

plate is put on to protect the optical surfaces. By makin g the dielectric 
layer between the silver surfaces very thin the interference fringes will be 
separated by many Angstroms. The exact position of a transmission peak 
will depend on the precise thickness of this dielectric layer. Since the 
evaporation process cannot be controlled with requisite accuracy, filters 
cannot be made with a maximum accurately centred at a given wave- 
length. If the peak of the filter transmission occurs a little on the long 
wavelength side of the desired point in the spectrum, the filter may be 
tilted slightly to shift the peak to a shorter wavelength. Care must be 
exercised, however, for if the filter is tilted by more than about 5°, 
undesirable polarization effects will enter. 

Although when properly protected these filters are stable and perma- 
nent, they suffer from a number of disadvantages. Since they should be 
used in parallel light and cannot be made in sizes larger than about 
8x8 in., they must be employed over the objectives of small telescopes (as 
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has been done by Fehrenbach and Stromgren at the Observatory at 
St. Michel in Haute Provence and is being done by Morgan and Stromgren 
at McDonald Observatory), or else between the elements of a coma 
corrector in a reflector, or in a specially designed optical device to make 
the rays parallel before they are focused on the photographic plate. The 
silver coat cannot be too thick or the peaks will be too narrow. 

The great advantage of the interference filters is that they isolate such 
a narrow wavelength range of the spectrum. Two or more maxima may 
fall in the range of sensitivity of a given emulsion, but they are so far 
apart in wavelength that the undesirable one may be cut out easily with 
an ordinary filter. With an /I Schmidt camera and an 8 x 8 in. interference 
filter Morgan and Stromgren are able to reach nebulosities ten or fifteen 
times fainter than those that are photographed with the Palomar Schmidt. 
They employ a comparison filter centred at 6450 A., to separate the nebu- 
losity from the background. 

2. Applications of the Fabry-Perot Etalon to Studies of the Nebulae 

Interference filters represent a very special application of the Fabry-Perot 
interferometer . (7) In its conventional form, this device has been used to 
yield much information of interest about the gaseous nebulae. 

As most frequently employed, the Fabry-Perot etalon consists of two 
partially silvered quartz plates, mounted with their surfaces accurately 
parallel to one another, the partially silvered surfaces being face to face. 
Invar or quartz separators hold the plates apart. If parallel rays from an 
extended surface which emits monochromatic radiation are passed through 
this device and the emergent beam focused with a lens, an image of the 
original surface crossed by circular interference fringes will be produced. 

Let <p denote the angle between the direction of a given ray and a normal 
drawn to the surfaces of the etalons. If d is the plate separation the 
condition for a maximum (completely constructive interference) is 

2d cos <p— nh. ... (1) 


If (5=— d cos 9 o, . . . (2) 

A 

the intensity in the fringes as observed with transmitted light will be given 


by 


T 

T 1+ 4J? sin 2 S/f 

+ (I-*)* 


( 3 ) 


where 7 0 is the maximum intensity in the fringes and R is the reflectivity 
of the silvered surfaces. We assume that the two surfaces are equally 
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silvered. These fringes are often called Haidinger fringes and are sharper 
the heavier the coating of silver on the plates, i.e. the greater the value of 
R. This is evident from inspection of equation (3). 

Charles Fabry and H. Buisson made the first application of the Fabry- 
Perot etalon to the study of the nebulae. They used the Marseilles 
reflector. <8) The first work was visual; later investigations in collaboration 
with Bourget employed photographic techniques. <9) 

The light of the nebula is focused in the usual way by the primary 
mirror. Then the beam is rendered parallel by an eyepiece, passes through 
the etalon, and through a short-focus lens to form an image of the nebula 
upon which are superposed rings corresponding to the monochromatic 
radiations of the nebula. They placed a cross-wire at the first focus to 
serve as a reference mark and photographed the fringes produced by a 
mercury vapour lamp before and after each nebular exposure in order to 
have suitable reference standards. In an attempt to isolate the various 
monochromatic radiations from one another they used the then available 
filters, a technique which was not entirely satisfactory. 

Thus each observation consisted of three photographs — a calibration 
exposure on the mercury arc, the nebular exposure, and a final calibration 
exposure. Since the wavelengths of the mercury lines employed in the 
calibration are known, the wavelengths of the nebular radiations as modi- 
fied by the Doppler shift can be found by well-known techniques in 
physical optics. 

In practice, the rings are deformed as a consequence of the internal 
motions in the nebula. From measures of the radius of the warped ring 
at different points, together with measurements of the calibration rings, 
Fabry, Buisson and Bourget deduced the radial velocities at different 
points in the nebula. 

They employed etalons with different spacers. For example, one etalon 
was constructed in such a way that the two components of the 23727 [Oil] 
pair coincided to give sharp fringes so that this radiation could be used to 
measure the internal motion in the nebula. With another pair of etalons 
they made accurate measurements of the wavelengths of the two compo- 
nents, 23726*10 and 23728-84. 

As a consequence of thermal motions and turbulence (large-scale dis- 
organized motions) in the nebula, each spectral line has a finite width. 
Thus, if a sufficiently high order of interference is used, the rings will 
finally merge and cease to be visible. If n is the order of interference where 
the rings cease to be visible, and if the entire broadening can be attributed 
to thermal effects alone, the kinetic temperature, T, is given by 

”=■••22x10 >J-±, 


( 4 ) 
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where A is the atomic weight of the atom responsible for the line. From 
measurements of the Hy line it was found that n— 10,000, which leads to 
a temperature of about 1 5,000° K. This is an upper limit to the kinetic 
temperature, as the influence of turbulence is neglected. 

One of the principal difficulties encountered in the work of Fabry, 
Buisson, and Bourget was that filters could not adequately separate emis- 
sion lines that fell close together. In a later investigation Baade, Goos, 
Koch, and Minkowski' 10) overcame these troubles by using a spectrograph 
to isolate neighbouring lines such as Hp, N 2 , and N. They placed a quartz 
Fabry-Perot etalon between the collimator lens and the prism of the 
spectrograph. With a wide slit each spectrum line is registered as a broad 
band crossed by fringes running parallel to the dispersion. The plates were 
photometrically calibrated so that tracings made across each line (_L to 
the fringes) could be reduced to a true intensity scale. They measured the 
instrumental profiles, i.e. the shapes the fringes would have if a truly 
monochromatic source could be examined. The observed profiles were 
very much wider than the theoretical profiles. 

The profile of a line that is broadened only by the thermal Doppler 
effect is given by 

I=I c e~W A .... (5) 


where I c is the central intensity and 

Av 0 =-v p 


Vtivv 
2c ’ 


where 



( 6 ) 

( 7 ) 


is the most probable velocity and v is the average velocity. T is the kinetic 
temperature. Baade and his co-workers measured the widths of the lines 
at intensities 0-5 and 0-7 of the maximum intensity. If the lines are 
broadened by the Doppler effect, the width at intensity i—I\I c will be 

(Av^AvoJkitj. ... ( 8 ) 


The observations gave d 0 . 5 //1 0 . 7 =l-45, which was in good agreement with 
the predicted value of 1-39. Thus the profiles represented a Maxwellian 
distribution of velocities reasonably well. A comparison of the widths of 
HP and the green nebular lines showed that the latter were much too broad 
to be accounted for by thermal Doppler motion. In addition there must 
exist some large-scale motion or turbulence. On the assumption that these 
macroscopic motions are disorganized and follow a Maxwellian distribu- 
tion with a mean velocity, v m , which is constant along any given line of sight 
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(but dependent on the place in the nebula), and that the kinetic tempera- 
ture is constant along the line of sight, one may replace v in equation (6) by 

V=Vv m 2 +v 2 . . . . . (9) 

Then, for the hydrogen and oxygen atoms, one can write 

V H =Vv m 2 +v H 2 V 0 =Vdm 2 +v 0 2 , . . (10) 

where V H and V 0 are the observed mean velocities obtained from the line 
profile (Av), with the aid of equation (6). The values of the turbulent 
velocities V m obtained in this way were of the order of 10-12 km./sec. This 
is larger than the value of about 2 km./sec. obtained from the separation 
of the fringes, but if the velocities were truly Maxwellian there would be 
a net average fringe displacement of zero ! The kinetic temperature turned 
out to be in the neighbourhood of 1 5,000° K. or 20,000° K. 

We return to this topic in Chapter VIII, where we shall discuss the large- 
scale motions in the Orion nebula from the point of view of the turbulence 
theory. The Fabry-Perot etalon has been applied to other diffuse nebulae 
but not to the planetaries. On the one hand, the size of the smaller 
nebulae renders the etalon impracticable, as an insufficient number of 
fringes can be observed. On the other, the loss of light entailed in the use 
of etalons of high resolution (and therefore heavy silvering) is considerable. 

Recently, Georges Courtes of the Marseilles Observatory has devised an 
improved Fabry-Perot interferometer that employs multiple layers of zinc 
sulphide and cryolite for the inner reflecting surfaces. With interferometer 
plates with five coatings, the light loss produced by absorption in the films 
is small. The interference fringes are narrow and sharp and he has been 
able to measure the velocity at different points in the Orion nebula with 
an accuracy of about 1 km./sec. Courtes has also studied the nebulosity 
near Gamma Cygni and the “elephant trunk” structure of M16. He finds 
that internal motions in areas as small as 10 x 10 in. may vary by 30 or 
40 km./sec. 

3. Spectrographic Techniques for the Study of small Gaseous Nebulae 
The earliest spectroscopic work on the gaseous nebulae was done 
visually. Huggins <u> detected the green nebular lines of [OIII] and Hfi in 
NGC 6543 in 1864. The concentration of the nebular radiations into a few 
emission lines made it possible to observe their spectra visually, whereas 
those of the so-called “white” nebulae (external galaxies) that emitted 
continuous spectra were too faint to be seen. 

The enumeration of the stronger emission lines proceeded during the 
following years. Lockyer U2> and Campbell' 131 measured a large number 
of lines with low dispersion. The visual method permits the measurement 
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of only the stronger lines over a limited wavelength range in the brighter 
nebulae. It is of interest, however, that Campbell was able to see faint 
emission lines in the green region of the spectrum of NGC 7027 that were 
not photographed until many years later. 

Spectroscopic observations are now carried out photographically, 
although a few attempts have been made to make direct photo-electric 
tracings at the telescope. The advantages of photography — greater spectral 
range and detection of much weaker lines with the aid of fast cameras and 
long exposures — have led to a considerable increase in our knowledge of 
the nebulae. 

Exclusive of the “stellar” planetaries whose angular dimensions are 
smaller than the seeing disk, the nebulae present finite areas, often of low 
surface brightness. The objects may have diameters of only a few seconds 
of arc or lengths of even degrees along the Milky Way. If we wish to study 
extended diffuse nebulae our spectrographic equipment will obviously 
differ from that required for a study of planetaries. 

All nebular spectrographs (excluding a few stellar spectrographs occa- 
sionally used for work on bright nebulae) have one feature in common — a 
high photographic speed. Nearly all nebulae have low surface brightnesses, 
and a high camera speed is essential to secure exposures of usable densities 
in practical exposure times. Let us first consider nebular spectrographs 
designed for objects of small angular diameter, e.g. external galaxies, 
globular clusters, or planetaries. 

The size of the image of a nebula on the slit of a spectrograph depends 
only on the focal length of the telescope, while its brightness depends also 
on the aperture of the objective. Thus the brightness on the slit will be 
controlled by the speed of the objective. The speed of the spectrograph, 
however, depends on the focal ratio of the camera and is independent of 
the speed of the telescope. In principle, a spectrograph with identical 
prisms and camera but, of course, different collimators would have the 
same speed on a 36-in. refractor of 57-ft. focal length as on a 36-in. 
reflector with a 1 5-ft. focal length. The efficiency of a spectrograph depends 
on the fraction of light that passes through the slit. With short cameras it 
is possible to gain speed by widening the slit, but this procedure should 
not be pushed far beyond the point where the impurity in the spectrum 
equals the resolution of the plate. The use of highly transparent optical 
materials and of non-reflection coatings of optical surfaces are all necessary 
to attain the highest speeds in any instrument, but these cannot compensate 
or offset the disadvantages of poor design. Various techniques have been 
employed to improve the efficiencies of nebular spectrographs. Bowen’s 
image slicer is perhaps the most ingenious accessory that has been employed 
in conjunction with existing spectrographs. 04 * With the largest telescopes, 
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coude spectrographs, in spite of the large number of reflections in the 
optical system, have proven useful. Bowen has demonstrated that by using 
a long collimator, large optical parts, and fast Schmidt cameras in the 
coude spectrograph, speeds and dispersions satisfactory for most work on 
small gaseous nebulae can be attained. <15) In the coude spectrograph of 
the 200-in. Hale telescope a composite grating made of four separate 
gratings each of which has a ruled surface of 5| x7 in. serves as the dis- 
persing element. By this method a beam diameter of 12 in. can be attained. 
Schmidt cameras of speeds /12, /6, /3, /1-5, and/0-7 are provided, the 
fastest of these having a dispersion of 39 A. /mm. in the third order violet, 
or 59 A./mm. in the second order red. An ingenious feature of the design 


A. B, 

v r 



Fig. II : 4. The Image Slicer. 

( After I. S. Bowen, courtesy As trophy sical Journal , 88, 115, 1938.) 

of this particular spectrograph is the placing of the corrector plate almost 
in contact with the grating. Thus the beam traverses the plate twice, once 
before and once after dispersion by the grating. By this unconventional 
use of the Schmidt corrector plate, light loss by vignetting could be greatly 
reduced. With the shortest camera it is possible to use a very wide slit. 
Most of the light of a small nebula would go through such a slit. 

In observations on small gaseous nebulae with telescopes of moderate 
aperture much of the light is lost on the slit jaws, and if the spectrum is 
widened by drifting, the exposure times become too great. Bowen and 
Wyse showed that much could be gained by the use of the former’s image 
slicer. This device simply changes the shape of the image without modify- 
ing its area. An elliptical or circular image is divided up into long narrow 
strips and added end to end along the slit. The principle of this instrument 
may be understood with the aid of Fig. 4, in which two views of the 
system of plane mirrors necessary to accomplish this division of the image 
are shown. The beam of light from the objective limited by the rays AM 
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and BN strikes the mirror MN, which is tilted at an angle of 45°. This 
mirror (see Fig. 4 b) is mounted near the end of the slit jaw. The beam is 
thus reflected along a path parallel to the plane of the slit jaws (see Fig. 4a). 
It then strikes a series of small mirrors OP, QR, ST, UV, and WX which 
are parallel to the mirror MN. Each tiny mirror intercepts a narrow strip 
of the beam equal in width to that of the slit, and reflects it through an 
angle of 45°. It continues on through the slit parallel to the original beam. 
Thus the original image is sliced into a number of strips which are placed 
end to end. 

Since the mirrors placed over the slit have the same width as the slit 
(0*02-0-5 mm.) and a length of not more than 2 mm., individual tiny 
mirrors would be impractical. Instead, a stack of glass plates, whose 
individual thicknesses are equal to the perpendicular distances between 
the mirrors, is employed. The appropriate surfaces are aluminized to 
provide reflecting surfaces. 

In the form employed by Bowen and Wyse in their work on planetary 
nebulae, the sheer was designed to take an image 1*2 x 1*8 mm. and 
included six aluminium-on-glass mirrors which divided the image into 
slices 1*2 x0*3 mm. (or 14 x4 in. at the focus of the 36-in. Lick refractor). 
Thus several spectral strips are photographed side by side and weak lines 
which might be missed on a single narrow strip may be detected if they 
appear on two or more strips. 

For the study of very weak lines in bright gaseous nebulae it is necessary 
to use a fast camera with as high a dispersion as possible. Otherwise the 
weak lines may be lost in the strong nebular continuum. The usual nebular 
spectrographs that are intended primarily for work on external galaxies 
are designed to give high speed and low dispersion so as to record weak 
continuous spectra. Such instruments are valuable for studies of the 
strongest lines in very faint emission nebulae or the nebular continua, but 
are unable to reveal weak lines in nebulae of high surface brightness. With 
the Palomar coude, Bowen was able to photograph lines of the higher 
series of He II in NGC 7027 which had not previously been observed 
because of the strong nebular continuum. 

Let us describe briefly some of the low dispersion high-speed nebular 
spectrographs. Much work can be done with fast cameras in conventional 
prism spectrographs ordinarily employed in stellar spectroscopy. Work 
on faint nebulae, however, usually requires modifications in the guiding 
system, since the object under scrutiny is often too faint to be easily seen 
on the slit. Offset guiding may be necessary and a guide star must be 
employed. One of the most successful of nebular spectrographs was that 
designed by N. U. Mayall for the Crossley reflector at the Lick Observa- 
tory. 11 61 This prime-focus two-prism spectrograph contains ultra-violet 
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glass optics. The beam width is 1-8 in., while the camera has a speed of 
/1*3. More recent nebular spectrographs employ gratings as dispersive 
elements rather than prisms. The “5 spectrograph” of the McDonald 
Observatory employs an /4 parabolic collimator mirror of 2 in. aperture 
and 7-65 in. focal length together with a plane aluminium-on-glass grating 
of 15,000 lines/in. ruled by H. D. Babcock. <17) The camera consists of a 
solid /0-65 UV glass Schmidt camera made by D. O. Hendrix. The film 
has to be pressed in contact with the oiled concave focal surface during 
the exposure. The dispersion is 350 A./mm. For faint (chiefly extra- 
galactic) objects the Palomar observers use a grating spectrograph with 
a 3-in. beam and cameras of focal ratios /0-47 and /0-95. Dispersions 
ranging from 105 A. /mm. to 430 A. /mm. are obtained with the different 
combinations of cameras and gratings. 

Exposures with a nebular spectrograph can be continued until the 
spectrum of the night sky becomes strong. In so far as the night sky lines 
of atomic origin are concerned, little interference with the nebular spectrum 
is encountered, but the band systems in the auroral spectrum may consti- 
tute a real nuisance. In the nebulae of low surface brightness it is possible 
to observe only the very strongest lines. All others are lost in the faint 
background of night-sky radiation, zodiacal light, or the light of faint stars. 

An extremely useful instrument for the study of small gaseous nebulae, 
particularly planetaries, is the slitless spectrograph. In the form used at 
the Lick Observatory a concave quartz lens is placed just inside the focus 
of the primary mirror so as to render the light rays parallel. The beam 
then passes through two quartz prisms and is focused by a convex quartz 
lens of the same focal length as the concave one. If a planetary nebula is 
photographed with such an instrument and the exposure carefully guided, 
the spectrum of the central star will be recorded as a long narrow streak 
whereas the nebular spectrum will consist of a series of monochromatic 
images of the nebula (see Fig. 5). 



Fig. II : 6. Principle of the Slitless Spectrograph. 

A concave quartz lens renders parallel the rays of light from the primary mirror. 
The beam then passes through the dispersing element (here depicted as a single 
quartz prism) and then through the convex quartz lens that focuses the rays on 

a photographic plate. 

(Courtesy Sky and Telescope , 1, No. 10, p. 11, 1942.) 
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O. C. Wilson used the coude spectrograph of the 100-in. reflector. He 
replaced the slit by a hinged mirror. In order to guide, he centres the 
nebular image with respect to the reticle in the guiding eyepiece, then 
raises the mirror to permit the light to enter the spectrograph. After a 
time the mirror is lowered, the image recentred, and the mirror is raised 
again. Guiding is thus intermittent and rather difficult with faint objects, 
but Wilson has obtained some excellent results by this method. Since the 
image at the coude focus slowly rotates, it is necessary to compensate by 
means of an optical device referred to as an image rotator. The equivalent 
focal length of the 100-in. coude is 250 ft., so that the scale at the focus is 
2-7"/mm. With a collimator of 290-cm. focus and a camera of 81-cm. 
focus, the scale of the image on the plate is 9-64"/mm. 

4. Spectrographs for the Study of Extended Nebulae 

With small nebulae the scale of the final image is extremely important, 
and the use of the largest available instrumental equipment is indicated. 
For the study of very extended gaseous nebulae of low surface brightness 
the use of a large telescope, or even any kind of a telescope, is often 
unnecessary. A small scale is no longer a disadvantage, and everything 
depends on the speed of the camera and the transparency of the optics. 

Struve and his associates <18) studied the faint emission regions of the 
Milky Way with specially designed nebular spectrographs which employed 
telescopes for guiding purposes only. The original spectrograph consisted 
of two defining slits, two prisms, and a fast Schmidt camera fastened to 
the tube of the Yerkes refractor. No collimator lens is needed because the 
first slit is placed so far from the prisms (17-70 m.) that the beam is 
almost parallel upon reaching the latter. The distortion produced by the 
lack of collimator was smaller than the resolution of the photographic 
emulsion. Since the angle subtended by the slit on the sky is 16', the 
instrument has an advantage on any nebula whose angular size is more 
than half that of the moon. By the same token a star which happened to 
fall in the slit would have a width of 16'. 

Observations with the original instrument inspired the construction of 
a yet larger spectrograph which was installed at the McDonald Observa- 
tory. 1 191 The schematic arrangement of the optical parts is depicted in 
Fig. 7. The guide telescope, primary mirror, prisms, and camera are 
carried on an assembly mounted at the end of a polar axis. The light from 
the region to be observed is picked up by the rectangular mirror M 2 , which 
serves as the defining slit. Its width can be controlled by appropriate 
diaphragms. The light is then reflected a distance of 75 ft. to the fixed 
plane mirror Mi of 2 ft. diameter, which points to the south celestial pole. 
Mi reflects the light into two quartz prisms and an /I Schmidt camera of 
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94-mm. aperture. Each star image is now only 6' long so that a considerable' 
improvement in resolution results. Any part of the sky may be observed by 
rotating the polar axis and tilting the mirror M 2 north or south. Extensive 
studies of faint emission regions throughout the Milky Way were carried 
out with this spectrograph. The spectra of narrow strips of the sky are 
obtained. By the interference filter techniques, photographs of larger areas 
in one of the characteristic radiations, e.g. 77a + [ATI], may be obtained, 
but no information on the rest of the spectrum is found in this way. 



5. Quantitative Measures of Surface Brightnesses of Nebulae 

The complete description of the radiation of a gaseous nebula would 

entail the determination of the total amount of energy in each of its 

characteristic emissions and the distribution of the emission over the 

surface of the nebula. Such detailed information is not available for any 

nebula, although for some objects, such as NGC 7662, fairly extensive 

measurements have been made. 

Photometric measurements of gaseous nebulae cannot be made as easily 

as measurements on stars. In the first place, the nebulae are surfaces — the 

stars are effectively small “seeing disks”. It is true that one can compare 

stars and nebulae by photographing the latter in focus and the former 

out of focus, provided the telescope gives good out-of-focus images. 

Reflectors give more satisfactory results than do refractors or Schmidt 

cameras. Holmberg applied this procedure in his determination of the 

magnitudes of extra-galactic nebulae. 5 * * * * * * * * * * * * * * (20) The comparison of stars and 

small nebulae can be carried out more easily by photo-electric photometry 
than by photographic methods (see Section 7). A more fundamental diffi- 
culty is imposed by the different character of nebular and stellar radiation. 
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A star radiates a continuous spectrum from which only a small amount of 
energy is subtracted by absorption lines. A nebula emits a bright-line 
spectrum with a relatively weak background continuum. Thus, if we were 
to measure the magnitudes of small planetary nebulae upon patrol 
camera plates so the images would be stellar in appearance and could be 
compared directly with stars, we would come out with a set of numbers 
whose exact values would depend not only on the brightness of the nebula 
but also on the plate sensitivity and instrument transparency. 

In many planetary nebulae, most of the light is contributed by the green 
nebular lines which fall in a spectral region where the sensitivity of the 
emulsions ordinarily employed is low. Consequently, the photographic 
magnitude will depend very markedly on the sensitivity of the plate in this 
region, far more than is true for a star. On the other hand, in so far as 
faint light sources are concerned, the eye is most sensitive to the green. 
A visual observer, therefore, comparing a nebula with an out-of-focus 
stellar image might estimate the nebula systematically too bright. Unless 
something is known concerning the relative intensities of the emission lines 
in the spectrum and the plate-plus-instrument or eye sensitivity, it is 
difficult to interpret nebular magnitudes, expressed in the ordinary stellar 
scale, either visual or photographic. The measurements of the magnitudes 
of planetary nebulae is further complicated by their central stars. 

Attempts to measure the surface brightnesses or so-called integrated 
magnitudes of planetary nebulae have been fragmentary and to a large 
degree unsatisfactory. Holetschek (21) estimated the visual brightnesses of 
a number of nebulae on the B.D. scale by comparing them with out-of- 
focus images of stars. Later, Wirtz, <22) at Strasbourg, measured the visual 
surface brightnesses of a number of gaseous nebulae by comparing them 
with the diffused light of an artificial star. Extra-focal images of stars of 
known magnitude provided the calibration of the comparison source. 
Wirtz simply multiplied the surface brightness of the brightest part of the 
disk by the apparent surface of the nebula to get the total visual magnitude. 
The studies of Holetschek and Wirtz appear to be subject to large accidental 
and systematic errors. 

Curtis (23) compared the exposure times necessary to record the brightest 
details in planetary nebulae with that needed to obtain a similar density 
on an exposure of a selected point in the Orion nebula. These relative 
exposures amount to estimates of the surface brightnesses of the planetaries. 
Hubble’s investigations indicate that they are fairly good for large faint 
nebulae, but that Curtis estimated the small, bright nebulae as systemati- 
cally too faint. He concluded that Curtis’s relative exposures of less than 
two should be divided by 1 -7, i.e. the surface brightnesses are too faint by 
this factor.* 24 * 
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Vorontsov-Velyaminov and Parenago' 25 ’ estimated the combined magni- 
tudes of nebulae plus central stars for a number of planetaries. They used 
short-focus cameras so that the nebular images would appear stellar. 
Comparisons with the north polar sequence. Harvard Standard regions, 
and selected areas provided magnitude standards. They tried to attain an 
accuracy of about 0-2 m . For the southern planetaries they estimated the 
magnitude from the Franklin-Adams charts with an error estimated to 
amount to 0-5 m . Their nebular magnitudes, not corrected for the contribu- 
tion of the central star, are systematically fainter than those of Wirtz and 
Holetschek. Their catalogue also gives the nebular surface brightnesses 
expressed in stellar magnitudes per circle one minute of arc in diameter. 

The apparent photographic magnitudes of the planetary nebulae tabu- 
lated in Berman’s catalogue* 26) represent the determinations by Vorontsov- 
Velyaminov and Parenago, or their values as revised by Berman according 
to Hubble’s data. 

For theoretical discussions, what we want is not the nebular magnitude, 
but rather the surface brightness in some particular radiation, e.g. HP, 
expressed in units such as ergs/cm. 2 /sec. Some years ago Menzel and the 
writer attempted <27, to derive monochromatic surface brightnesses from 
the nebular magnitudes as tabulated by Berman. The first step is to 
convert surface brightnesses expressed in magnitudes per square minute 
of arc to surface brightnesses expressed in ergs/cm. 2 /sec. To accomplish 
this step we may employ the sun as a fundamental reference standard. 
According to Kuiper* 281 the apparent bolometric magnitude of the sun is 
—26-95. The apparent surface area amounts to 806 square minutes of arc. 
Hence the average surface brightness of the sun in magnitudes per square 
minute of arc will be 

H & = —19*68. . . . (11) 

The rate of radiation by the solar surface (surface brightness) amounts to 
S @ =6-25 x 10 10 ergs/cm. 2 /sec. Let H n denote the bolometric surface 
brightness of the nebula in magnitudes per square minute of arc. Then 

log S„— —Q 4(H„—H ^j+log S @ . . (12) 

or * S n = 840(2 • 5 1 2)~ // " ergs/cm. 2 /sec. . . (13) 

Ideally, this formula applies to a nebula which has a continuous spectrum 
and for which a meaningful bolometric correction can be given. In the 
present context we deal with an emission-line nebula, the observed quanti- 
ties are the dimensions of the nebula and its photographic magnitude. We 
could develop the same type of formula for photographic magnitudes, but 
the procedure actually employed was to attempt to estimate the mono- 
chromatic magnitude in Hp. It was assumed that the magnitude scale 
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taken from Berman’s paper corresponded to a plate-plus-instrument sensi- 
tivity combination similar to that found by Yu for a Seed 23 plate and 
a silver-coated mirror. (29) The relative intensities of all the strong nebular 
lines (on the scale H(i= 10) were then multiplied by this plate-plus-instru- 
ment sensitivity factor and added together. The intensity (10) of Hfi was 
then compared with this sum to give the amount by which the nebular 
magnitude had to be corrected to give an hypothetical H(i magnitude. 

This procedure is unfortunately a crude one, and gave surface bright- 
nesses that were systematically too high. A much better plan is to compare 
the surface brightness in a particular nebular line, 2, with the intensity in 
a range A to X+ AX in a star of known magnitude and of the same intrinsic 
colour (spectral class G2V) as the sun. This is the method of V. A. 
Ambarzumian for the photometry of a bright-line nebula. (30) W. Liller 
has developed a modification for photo-electric photometry which we 
shall discuss in Section 7. ,31) 

Barring absorption of light in space, the surface brightness of an 
extended object will be independent of its distance. Consider the emission 
in a particular bright line. The surface brightness will depend only on one 
quantity, L, the amount of energy radiated by the nebular surface in the 
line, i.e. in the particular frequency of the bright line being considered 
per second per unit solid angle per cm. 2 . 

Ambarzumian photographed a number of nebulae with a spectrograph 
with a wide slit so as to obtain broad lines suitable for photometry. He 
also observed appropriate GO comparison stars with the same instrument.* 
From tracings of the monochromatic images he obtained the brightness 
i„, a of a square second of arc of the nebula in arbitrary units. Similar 
microphotometric tracings across the spectrum of the comparison star, 
combined with the known dispersion of the spectrograph, give the inten- 
sity i s , a of 1 A. of its spectrum in the same arbitrary units. The ratio 

.... (14) 

Is, A 

is independent of units. 

The GO star has essentially the same energy distribution as the sun. If 
i @ , a is the intensity of 1 A. of the continuous spectrum of the sun at the 
wavelength in question, 

log ^ = 0-4 (tm,— m @ ), . . . (15) 

Is, A 

where m s and m @ are respectively the apparent magnitudes of the star and 
sun. Let A denote the surface area of the sun in square seconds of arc, and 


* He used GO rather than G2V stars in his original application of the method. 



METHODS OF OBSERVATION 27 

fa the brightness of the emission in one square second of arc in 1 A. of 
the solar surface. Then 

log r~ —0-4(m s — /w®) — log A, . . (16) 

h, A 

or log = log Pa— 0-4 (m s —m @ )+ log A. . (17) 

That is, the ratio of the surface brightnesses of the monochromatic nebular 
image and of the sun may be determined from the measured quantity Pa 
and from the apparent magnitude of the sun and comparison star. 

As an example, consider the measurement of the surface brightnesses of 
filamentary nebulae in the large Magellanic Cloud. The observational data 
give in, a the energy received on the plate per square second of arc from 
a certain point in the nebula, and L the energy received per Angstrom unit 
at Ha from a G2V (mp»=10-0) star in the same arbitrary units. To get the 
surface brightness of the nebula in ergs/cm. 2 /sec. /unit solid angle, S„, we 
substitute in the expression 

log 5„=0-4(w @ — 10) + log fa A+ log 

*a 

=log in, hi la 1 '82, 

with Aa=2-88 x 10 6 ergs/cm. 2 /sec. I A /unit solid angle at Ha, A =2-893 x 10 6 
seconds of arc, and m @ = —26-84. For a particular filament in nebula 163 
in Henize’s forthcoming catalogue we find log i„ >A // 0 =— 1-86. Hence 
Sn =2-1 x 10~ 4 ergs/cm. 2 /sec. /unit solid angle. Multiplication by An gives 
the energy radiated in the spectral line in one second by all the atoms in a 
cylinder of unit cross-section passing through the nebula and along the 
line of sight. 

6. Determination of Isophotic Contours 

The description of the radiation of a given monochromatic emission in 
a gaseous nebula requires a knowledge not only of the total amount of 
energy in the line but also of the distribution of energy in the image. This 
distribution can be described most conveniently with the aid of isophotic 
contours, drawn at equal steps in intensity. 

Suitable monochromatic images of the stronger radiations can be 
obtained by appropriate filters and photographic emulsions as described 
in Section 2, or with the slitless spectrograph (see Section 3). When proper 
photometric calibrations are impressed on the plates, isophotic contours 
may be obtained by any one of several methods. 

With an ordinary microphotometer one may make successive tracings 
across each image, measure the abscissa of every point corresponding to 
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a given intensity with respect to a fixed fiducial mark, and construct con- 
tours by laborious point-by-point plotting. Such a procedure was followed 
by Louis Berman in his pioneer spectrophotometric work on the planetary 
nebulae and has been employed by other workers since. 

The determination of such contours is so extremely time-consuming that 
other methods must be developed. One answer is the cathode-ray tube 
isophotometer proposed by T. L. Page, <32) another is the balanced beam 
photometer which was developed by Hiltner and Williams at the University 
of Michigan. 03 ' 

The cathode-ray tube isophotometer is based on an instrument developed 
for the study of X-ray plates by the medical school of the University of 
Illinois. The principle of operation is as follows: the photograph to be 
studied is first scanned in transmitted light by a television tube. Then the 
tube output is amplified and “clipped” with the aid of appropriate circuits 
to e limin ate high or low plate densities in a pre-assigned way. The clipping 
can be made sharp enough to give an accuracy of a few per cent in intensity 
in the resultant contours. The “clipped” output of the television tube is 
next supplied to a cathode-ray tube (a standard television-screen tube), and 
finally the pattern is photographed. The relation between film density and 
intensity is found from the photometric calibration of the plate. Page 
has published some preliminary results obtained for the diffuse nebula 
Messier 8 by this method, but further studies have not been published. 

The balanced-beam photometer was originally developed as a direct- 
intensity microphotometer for the reduction of spectrophotometric obser- 
vations. It was also designed for use as an isophotometer. Recently the 
machine has been greatly improved under the guidance of O. C. Mohler. 
This isophotometer has been employed by S. P. Wyatt (Jr.) in the measure- 
ment of contours in elliptical galaxies, by Edwin Dennison in the study of 
the brightness distribution in elliptical galaxies, by Albert Boggess (III) 
in the study of galactic nebulae, and by Mrs. Boggess in the analysis of 
slitless spectrograms of planetaries obtained by O. C. Wilson (Fig. 8). 

The machine has two carriages; the photograph to be analysed is placed 
on one and the interpolation wedge plate on the other. The bright image 
of an illuminated slit is focused on each plate by a microscope objective. 
After passage through the emulsion, the light continues through collimat- 
ing lenses and through two pieces of Polaroid so adjusted that the planes 
of polarization are at right angles. The two light beams are then reflected 
through a rotating Polaroid to the photo-cell. If the two beams of light 
are of equal intensity after passing through the photographic plates, the 
light incident upon the photo-cell will be of constant intensity; and the 
resulting constant voltage will not be amplified by the alternating current 
amplifier. If, for example, the beam from the photographic plate under 
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examination (F) is brighter than that from the interpolation wedge (F), 
there will be a periodic variation of the light intensity, an alternating 
voltage will be produced and amplified. If the beam from the interpolation 
wedge is brighter, there will result a similar alternating voltage but of 



Fio. II : 8. Schematic Diagram of the University of Michigan 
Balanced-beam Isophotometer . 

O Ribbon filament lamp. 

S y S' Slits (circular or rectangular). 

F Photographic plate to be analysed. 

F' , Interpolation wedge. 

F , P' Polaroid filters (planes of polarization mutually perpendicular). 

P R f Rotating filter (30 revolutions per second). 

L\yL\ Condensing lenses (images filament on L 2 , L 2 0 - 
L 2i L 2 ' Objective lenses (images slit on plates). 

L3, £3' Collimating lenses (images plates at infinity). 

Z4, L4 Field lenses (images Z, 3 , L 3 ' on photo-electric cell). 

The photo-electric cell, A.C. amplifier, and balance motor 
automatically maintain the position of the plate F so that the 
density in the illuminated image remains constant. Plate F is 
driven at constant speed perpendicular to the plane of the diagram. 

The position of F is registered by a pen-and-paper recorder. 

opposite phase. The output of the A.C. amplifier is fed to a two-phase 
balance motor whose direction of drive depends on the phase of the 
alternating voltage. When a density in the interpolation wedge is chosen, 
the plate under examination will be automatically driven in one coordinate 
until the density is matched. 
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Fig. II: 9(a) NGC 7662, A3868 [Neill]. The 
solid lines were traced with the isophotometer; 
the dotted lines by the method of successive 
tracings across the nebula. The latter process 
results in a great deal of smoothing. The con- 
tours refer to values of log 7=1*2, 0*9, 0*7, 
0*3, 9*7. The magnification by the spectrograph 
is greater perpendicular to the dispersion than 
I parallel thereto. 

10 * 


Fig. II : 9(b). NGC 7009, images of A4959 (N 2 ) 
(a) [Ollll A4861, HP, A4686 He II, and A3868 

[AfeHI]. The unequal magnifications perpen- 
dicular to and parallel to the dispersion have 
been corrected for in making the tracings. 



A 4959 A 4861 


A 4686 
10 * 

NGC 7009 A 3868 

Fig. II : 9. Some Typical Isophotic Contours traced with the 
Balanced-beam Isophotometer . 

The slitless spectrograms were secured by O. C. Wilson at the coude spectrograph of 
the 100-in. reflector. Mrs. Nancy Boggess made the isophotometer tracings. 




NGC 7662 



A 3868 
10 * 
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If the operator wishes to trace a series of isophotes of a nebula, he 
selects a series of densities D u D 2 , Z) 3 > etc., on an interpolation wedge 
that corresponds to the desired intensity steps, 7j, / 2 , / 3 , etc. If the 
density A in the calibration wedge is chosen, the machine will trace 
the contour for I x . The plate F is driven at a constant rate in the 
other coordinate, and the position in both coordinates is simultaneously 
recorded by a servo-mechanism that connects F with a pen-and-ink 
recorder. 

Each side of a given closed contour must be traced separately; a special 
selector device is provided for accomplishing this. 

Symmetrical nebulae such as NGC 6210 can be easily traced with this 
instrument. Special care is required for more complicated forms which 
show numerous wisps and filaments. Nevertheless, nebulae as complicated 
as NGC 2392 or 30 Doradus have been successfully traced. 

Some of the results obtained with the balanced-beam isophotometer for 
gaseous nebulae will be discussed in Chapters VII and VIII. 

7. Photo-electric Photometry of Gaseous Nebulae 

An inherent difficulty in the photometric measurement of small gaseous 
nebulae by photographic methods is that the nebulae have small but 
finite angular dimensions and cannot be compared with stellar images 
unless telescopes of very short focus are employed. Furthermore they 
are often associated with illuminating stars in such a way that the dis- 
entangling of stellar and nebular contributions is impossible. Some of 
these difficulties can be overcome by the use of slitless spectrograms, but 
the comparison of monochromatic nebular images with stars remains 
troublesome. 

Many of the difficulties in the photometry of planetary nebulae and their 
central stars can be handled by photo-electric photometry. Essentially, 
two methods have been employed. One technique is to form a slitless 
spectrum with an objective prism, and scan it with a slit placed in front 
of the photo-cell. In this way MacRae and Stock and also Liller and 
the writer have made spectrophotometric measures of a number of 
planetaries. <34) In a variation on this method, due to John Hall and 
Arthur Hoag, a small slitless spectrum of the nebula is formed by a low 
dispersion spectrograph. A diaphragm with carefully spaced apertures 
only slightly larger than, and coincident with, the monochromatic nebular 
images is placed in front of the photo-cell so that the sky background is 
eliminated and the nebular radiations come through. In this fashion 
nebulae can be measured even against fairly bright sky backgrounds. 
Whitford and Code working at Mt. Wilson have also measured planetary 
nebulae with a spectrograph and photo-electric cell. 
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The second method is that of Liller. (31) It aims to separate the contribu- 
tions of the star and the nebula by taking advantage of the fact that the 
nebular radiation tends to be concentrated in bright lines, whereas the star 
has a more nearly continuous spectrum. Thus, if one uses filters to isolate 
spectral regions (e.g. one near 25500 and one near 24200) where there are 
no strong nebular emissions, it should be possible to measure the magni- 
tude and colour of the central star. Then by the employment of a filter 
that transmits the green nebular lines 25007 and 24959 of [Gill] which are 
strong in most planetary nebulae, it is possible to measure the mono- 
chromatic brightness of the nebula since the contribution of the central 
star can be subtracted off. Unfortunately many planetaries, e.g. NGC 7662, 
have strong continuous spectra which overwhelm the contribution from 
the central star so that while it is possible to get good nebular brightness 
measurements, no data on the central star can be obtained with telescopes 
of modest size. If the nebula is large enough, and the seeing steady, the 
observer could measure the star and a known area of the surrounding 
nebulosity separately. If the isophotic contours of the nebula are known, 
the nebular light added to the central star could be determined and sub- 
tracted off. Such observations can be made for a few objects, e.g. NGC 
6720, the Ring nebula in Lyra, with a telescope of moderate size (e.g. the 
24-in. Cassegrain reflector of the McMath-Hulbert Observatory or the 
40-in. reflector of the U.S. Naval Observatory). Most planetaries, how- 
ever, are so small that the entire object, star plus nebula, must be observed 
at once. In this problem, as in others pertaining to planetary nebulae, 
much is to be gained by going to large telescopes which are available under 
conditions of good seeing. 

Measurements of diffuse nebulae present difficulties of other sorts. 
Usually the surface brightnesses are very low. By using equipment of high 
sensitivity, an interference filter to cut out unwanted sky brightness, and 
a telescope with a high /-ratio it is possible to measure nebulae of very 
low surface brightness. Such studies have been carried out by Stromgren 
and Hiltner. <35) 

Since we shall make frequent use of his observational results, let us first 
describe in some detail the procedures followed by W. Liller in his studies 
of the planetaries. 

The photometer, which was of rather conventional design, employed a 
1P21 photomultiplier tube. To isolate the green nebular lines, Liller 
employed an all-dielectric, multilayer interference filter with a maximum 
transmission of 81 % at 24985 and a half-width of only 35 A. When used 
with a conventional green filter, all other maxima were eliminated, and 
essentially only the radiations of the green nebular lines plus some emission 
from Hp were transmitted. In order to get the monochromatic magnitudes 
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in the green nebular lines from the measurements it is necessary to know 
the relative contributions of Hp, the nebular continuum and the green lines. 
In most nebulae these corrections, which can be determined from photo- 
graphic spectrophotometric studies, are small. Furthermore, in nebulae 
with bright central stars, the contribution of the latter in this region must 
be known. Liller tried to evaluate the stellar contribution by the previously 
mentioned method of observing the star plus nebula with filter combina- 
tions that transmitted regions of the spectrum with no strong nebular 
emission lines. For the visual region (25100-6000) he employed a Wratten 
40 plus Wratten 15 filter; for the violet (24100-24340) region he used a 
conventional interference filter (150 A. half-width) centred at 24220 plus 
a Schott BG12 2-mm. filter. For the green nebular lines he used the 
previously mentioned all-dielectric Bausch and Lomb interference filter 
plus a Wratten 40 and 2-mm. Schott GG7 filter. He measured the trans- 
mission curves of this 3-filter combination with the aid of the solar spectro- 
graph in the 70-ft. McGregor Tower of the McMath-Hulbert Observa- 
tory. Such a high dispersion was necessary because of the steep slope 
of the transmission curve of the green interference filter. To deter- 
mine the response curve of the 1P21 photomultiplier tube plus the 
optical system, Liller traced the spectrum of Vega produced by a 4-in., 
12° prism placed over the aperture of the 24-in. reflector with which 
the nebular observations were made. A correction for the transmis- 
sion of the prism (which was not used in the nebular work) had to be 
applied. 

To measure the monochromatic surface brightnesses in the green nebular 
lines one may use essentially the method of Ambarzumian. Since the rela- 
tive contributions of the nebular lines and of the central star are known, 
the deflection that would be produced by the selected nebular lines alone 
may be computed and compared with the green deflection of a nearby 
dwarf G-star of known magnitude. Since the sensitivity curve of the 
green system is known, the contribution from a one Angstrom interval at 
the wavelength of the selected nebular line to the deflection can be calcu- 
lated. Liller used 13 GOV to G4V comparison stars in the magnitude 
range 3 to 7-5. He measured their magnitudes and colours, using the same 
types of filters as employed by Stebbins, Whitford, and Johnson in their 
work on three selected areas. (36) He calibrated the filter plus photo-cell 
combination with the aid of the brighter stars in Selected Area 61 and 
certain stars observed by Johnson and Morgan so the observed colours 
could be transferred to the International System. 

Ambarzumian’s method utilizes stars of the same energy distribution as 
the sun so that it makes no difference whether visual or photographic 
magnitudes are used. In practice it is never possible to get stars of exactly 
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the same colour as the sun. Hence, in an effort to minimize these effects, 
Liller introduced a green magnitude defined by 

P gr =P v +C„l2, . . . (18) 

where P v an C p are the international photo-visual magnitude and colour. 

Since the energy curves of very hot nuclei do not differ greatly in the 
visual region, even over extreme temperature ranges, the relative h can 
be estimated for the planetary nuclei with continuous spectra. See 
Chapter VI. 

The reduction of the observations can be carried out in the following 
way. With any given filter-combination the potentiometer deflection will 
be given by 

D,=aZh{n)Si+a \h c (n)SdX+b JA(s)SWa, . (19) 

where h(n) denotes the intensity of the nebular line radiation, h\n) that 
of the nebular continuous radiation defined per unit wavelength interval, 
and L(s) the energy distribution in the spectrum of the central star. S\ is 
the sensitivity of the photometer plus optical system at wavelength 4 Here 
a and b are constants that must be found for each nebula. The first term 
represents the contribution of the line emission, the second that of the 
continuum, and the third that of the central star. With each nebula, D\ is 
observed with each of the three filter combinations. Now S\ is known 
from the calibrations, the relative values of the line and continuous nebular 
radiation are known from the studies by photographic photometry, while 
the relative values of I\(s) can be reliably estimated at the effective wave- 
lengths of the yellow and green colour systems. For most planetary nuclei 
one may write 

SL(s)SJX=AMs), . . . ( 20 ) 

where A& is the total area under the S\ curve and L(s) is the value of I\(s) 
at the effective wavelength of the particular colour system [2^=5435 A. 
(yellow), 4=4985 A. (green), and 4=4225 A. (violet)]. Since the relative 
values of I y (s), I g (s), and I v (s) are known, the three equations for the three 
deflections D y , D g , and D v involve the three unknowns, a, b, and /„($), 
which may be solved formally. The solution is made more determinate by 
the fact that D y and D v involve mostly the nebular continua and the star, 
whereas D g usually involves mainly the contribution of the green nebular 
lines. That is, the contribution to the deflection from each of the three 
sources can be evaluated. Finally, from the observations of the comparison 
stars the contributions of the nebular emission lines, the nebular conti- 
nuum, and the central star can all be put on the same scale. 

With Sn known, the deflection that would be produced by the radiation 
from one Angstrom of the spectrum of any G2V star at the wavelengths 
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of the nebular lines can be calculated since the energy distribution in the 
solar spectrum is determined. Liller introduces a “reduced deflection” so 
defined that a G2V star 30 magnitudes fainter than the sun gives a green 
deflection of 10,000. Then the reduced deflection from a wavelength 
interval AX at X in the standard stars spectrum is 

dx(G s ) = 10 4 l ^p)SxAX 

lUG)S,dX > V ' 

where AX is 1 A. In Ambarzumian’s equation 

log in, a == log 0-4(m,— m @ )+log A+ log h 2 , @ . (22) 

Pa is the quantity taken from the observations, m s —m @ is exactly 30, 
log A = 6461, and the values of hx were obtained from Pettit’s measure- 
ments of the energy distribution in the solar spectrum. The dimensions of 
the nebulae are taken from the work of Curtis. 

By way of orientation let us discuss the measures for a typical object 
NGC 6826. The “reduced deflections” d" and d 2 for the two green 
nebular lines are 269 and 72-2, the deflections of the central star at these 
same wavelengths are d * =0 091 and rf 2 * =0-071, whereas the values for 
the comparison star are d°= 68-8 and d 2 = 53-8. The ratio of the bright- 
nesses of the central star at the effective wavelengths of the violet and 
yellow filter systems is C!=2-52. Adopting an angular radius 4=13" 
for this nebula, the surface brightness, Sx, expressed in ergs/cm. 2 /sec. at 
the outer boundary is 0-23 and 0-080 for 25007 and 24959 respectively. 
Making use of the ratio of Ni+N 2 to Hji found by photographic photo- 
metry, S(H{})= 0-029 4 ergs/cm. 2 /sec. In the calculation of S it is assumed 
that the nebula is a disk of uniform surface brightness and of radius A. 
When the distribution of energy over the disk is known, the precise value 
of the emission at each point may be given. 

The surface brightnesses found by Liller are considerably lower than 
those estimated by Menzel and the writer from the crude data that were 
available earlier. His results have been substantiated by the spectrophoto- 
metric measures described in Section 9. 

To date, more than a hundred planetary and other gaseous nebulae have 
been measured by Liller’s technique. Many were observed by him and the 
writer at the Mt. Wilson Observatory in 1954. When these measures are 
combined with the fine and continuum intensity data which are available 
for most of them, fairly satisfactory photometric material will be avail- 
able for the majority of planetary nebulae observable in the northern 
hemisphere. 

The photometry of diffuse nebulae presents problems of other sorts. 
The brighter emission nebulae are not difficult to observe, but they occupy 
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perhaps only about 0-001 of the volume of the space in the spiral arms 
where they occur. The emission regions in Sagittarius, Cygnus, Cepheus, 
Auriga, Orion, and Monoceros observed by Struve and Elvey are much 
larger but are usually so much fainter than the sky background of the 
Milky Way that they can be detected only by techniques that isolate the 
emission lines. The regions of maximum surface brightness of Struve and 
Elvey’s extended nebulosities can be photographed, however, with Schmidt 
cameras and appropriate plate-filter combinations (see Section 2). 

Stromgren and Hiltner (35) used interference filters in conjunction with 
a photo-electric photometer attached to the 82-in. McDonald reflector to 
observe hydrogen emission regions as dim as the faintest ones found by 
Struve and Elvey. One filter was centred near Hfi, the other was used to 
monitor a comparison region near 24600 A. Each filter had a width of 
about 150 A. They avoided setting on stars brighter than the 17th magni- 
tude and determined the deflections corresponding to the galactic+sky 
background and very faint stars. Since the filter characteristics were 
known, measures of comparison stars of known magnitude and colour 
permitted the reduction of the measures to absolute units. 

The observed intensity, expressed in absolute units, can be expressed in 
terms of the number of atoms in the fourth level of hydrogen multiplied 
by the length of the column, and the transition probability. Since the 
hydrogen spectrum is produced by recombination, the emission will 
depend on N,N f and the electron temperature (see Chapter IV). Further- 
more, since the ionization of hydrogen in these nebulosities is essentially 
total, and since all other elements are much less abundant, we can equate 
Nj to N ( to the total number of hydrogen atoms per cm. 3 , N H . 

Stromgren defines hN a 2 as the “emission measure”, where h is the 
length of the radiating column in parsecs.* 371 On this system, an average 
one of Struve’s and Elvey’s ionized hydrogen regions has an emission 
measure of about 800. If the length of the column is taken as 200 parsecs, 
N u =N,=N'= 2. If the distribution is spotty, N H will be larger in the 
regions of condensation. In IC 405, for which Stromgren finds an emission 
measure of 7000, an assumed diameter of 10 parsecs leads to N t ~ 30. 

With the aid of narrower filters it is possible to measure even fainter 
emission regions and further studies with this technique appear to be 
promising. 

Photo-electric measures of diffuse nebulae have been made occasionally 
by other observers. What is urgently needed is a set of fundamental 
photometric standards in selected galactic nebulae. Preferably, these 
should be set up as monochromatic standards for emission nebulae. 
Selected regions in nebulae such as Orion, Messier 8, Messier 16, and a 
few other objects might well serve this purpose. 
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8. Spectrophotometric Studies of Gaseous Nebulae 

The interpretation of photo-electric and photographic measures of 
nebular magnitudes and surface brightnesses requires a knowledge of the 
energy distribution in their spectra, i.e. the relative intensities in the various 
emission lines and in the continuum. Here we shall confine our attention 
to some of the techniques used and in the next chapter we shall discuss 
the results obtained. 

The earliest spectrophotometric work on the gaseous nebulae was that 
by Wilsing and Scheiner, (38) who measured the intensity ratio of the green 
nebular lines, N Z IN U to be 0-40 using visual methods. 

Most spectrophotometric work on gaseous nebulae has been done 
photographically, although it has been demonstrated that it is practical 
to measure the stronger lines by photo-electric methods (see Section 9). A 
complete discussion of photographic photometry lies outside the scope of 
this book, but we shall summarize some of the important points here. The 
basic method involves photographing upon the same plate: 

(а) The spectrum of the nebula. 

(б) The spectrum of a source of known energy distribution (usually a 
comparison star). 

(c) Calibration spectra which enable the observer to relate the blackening 
of the photographic emulsion to the relative intensity of the light. 

It is necessary to determine the atmospheric extinction coefficient, fa, as 
a function of wavelength. This step may be accomplished by photograph- 
ing the comparison star at different zenith distances z u z 2 ... z„ and 
measuring the observed relative' intensities ix(z{), h(z 2 ), etc., at these zenith 
distances for a series of wavelengths, fa, fa. . . fa. The law of extinction is 

h=h° e- k ^\ . . . (23) 

where 7a° is the true intensity outside the earth’s atmosphere, and 7a is the 
absolute intensity measured at the earth’s surface. The relative intensities 
ia need not be converted to absolute intensities. Generally h will differ 
from 7a by a factor A * that will depend on the sensitivity of the plate and 
the transparency of the optics. Thus 

log h(z)——fa sec z+Cx. . . (24) 

If the data, log h(z{), log h (z 2 ), etc., are plotted against sec z, the coefficient 
fa can be found from the slope of the straight line passing through the 
points. It turns out that 

fa—fafafaX-* . . . (25) 

for spectral regions where there are no strong telluric lines. Here k Q is a 
constant that is determined by the extinction produced by large-size 
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particles, whereas the k ^~ 4 term corresponds to Rayleigh scattering. In 
relative spectrophotometry k 0 is not important. 

The comparison of the spectrum of the nebula with that of the compari- 
son star should be done at as nearly the same zenith distance as is possible. 
The exposure times on the star, nebula, and photometric calibration should 
be comparable. If it is necessary to cut the plate, putting the stellar and 




Fig. II : 10. Tracings of the Spectra of a Planetary Nebula and a 
Comparison Star . 


The nebula 1C 2149 has a bright central star; hence the strong continuous back- 
ground on the tracing. A spectrogram of this nebula is reproduced in Fig. Ill : 7. 
The comparison star is 68 Cygni, spectral class Oe5. From observations 
secured with the Crossley quartz slitless spectrograph at the Lick Observatory, 

October 1944. 
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nebular exposures on one part and the calibration exposure on another, the 
two pieces should be developed together. 

Stellar energy distributions have been measured by a number of 
observers. The Greenwich workers compared the energy distributions of 
stars. <39) Comparisons of stars with terrestrial sources (i.e. the measure- 
ment of the true energy distribution) have been made by R. C. 
Williams, <40) by Kienle and his co-workers, (41) and by Barbier and 
Chalonge. (42) The French workers extended the energy measurements to 
the limit of transmission of the earth’s atmosphere in the ultra-violet. 

Spectrophotometric studies of gaseous nebulae have been made both 
with slitless and slit spectrographs. In either event the comparison of a 
star, which appears as a small seeing disk, with the nebula which is usually 
an extended surface, presents difficulties. With the slitless spectrograph 
the comparison star spectrum is often widened by letting the star drift in 
right ascension, the dispersion being in declination. With a slit spectro- 
graph the star cannot be simply focused on the slit and the spectrum 
recorded in the usual way because of the effects of atmospheric dispersion. 
Different proportions of violet, green, and red light enter the slit so that 
the energy distribution in the resultant spectrum may be very different 
from what would be found with a slitless spectrograph. Nor can the star 
be run out of focus, for then the light path of the starlight through the 
spectrograph could be radically different from the path of the nebular 
light. Barbier (43) and also Minkowski and the writer placed a small quartz 
diffuser in front of the slit. T. L. Page employed a piece of Lucite. <44) If 
the star is now run out of focus a small patch of the surface of the quartz 
will be diffusely illuminated. Since this diffuse surface is at the focus of 
the collimator it will be optically similar to the nebula in many respects. 

The spectra of the star and nebula being photographed side by side 
upon the plate, a direct measurement of the relative intensities of the 
nebular lines and continuum can now be made, provided the relation 
between photographic blackening and intensity is known. This informa- 
tion is provided by the photometric calibration. Numerous methods of 
photometric calibration have been proposed, and we shall mention only 
a few of them. The simplest is the spot sensitometer in which a lamp 
illuminates an opal glass diffuser behind which is placed a row of tubes. 
Each tube has a cap at the end with a hole of different aperture; the amount 
of light getting through the tube is proportional to the area of the hole. 
Different filters are used to isolate different regions of the spectrum. The 
plate sets behind the row of tubes. A better method is to employ a calibrat- 
ing spectrograph with some device to vary the light reaching the plate as 
a known function of the distance along the slit. The calibrating spectro- 
graph may or may not be identical with the nebular spectrograph. 
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In one version of the instrument a step or wedge slit is employed. This 
arrangement has the disadvantage with instruments of small dispersion 
that since the purity of the spectrum depends on the distance along the 
slit, the calibration is seriously affected in wavelength regions where the 
plate sensitivity changes rapidly. 

A superior technique employs a rapidly rotating sector placed in front 
of a slit of constant width. The amount of light admitted into the spectro- 
graph as a function of distance along the slit can be varied in an arbitrary 
fashion. If the sector is rotated rapidly, intermittency effects are eliminated. 
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Fig. II : 1 1 . Schematic Adaptation of the Collimator 
of a Calibration Spectrograph for the Method of 
von Hirsch and Schon. 

O is the objective of the calibration spectrograph 
and F is its slit. A knife-edge D is oriented per- 
pendicular to the slit with its edge on the optic 
axis at A . If the objective is a circle of diameter 
ViV 2 , the rays from U 2 illuminate the objective 
completely, whereas those from Ui are stopped 
by the knife-edge D. 

(Courtesy D. Barbier, Annates d'Ap. t 7, 86 (1944).) 


Fig. II : 12. Collimator Diaphragm 
for the Calibration Spectrograph . 
Instead of using a circular aper- 
ture on the collimator, or a rect- 
angle (as did von Hirsch and 
Schon), Barbier used a diaphragm 
limited by two exponential curves. 
In this way the light intensity upon 
the plate varies as the logarithm of 
the abscissa measured perpen- 
dicular to the dispersion of the 
spectrum. 

(Courtesy D. Barbier, Annales d*Ap. t 7, 
87 (1944).) 


In his spectrophotometric work on the planetaries, T. L. Page (44> standar- 
dized his plates with an aluminium on quartz optical wedge placed over 
the slit. He calibrated the wedge on the spectrograph with rotating sectors 
having apertures from 10° to 340° and with slit widths from 0-10 to 
1-00 mm. In this particular wedge the logarithm of the transmission was 
found to vary linearly with distance from the thin edge. 

In his spectrophotometric study of the Orion nebula, Barbier (43) em- 
ployed the method of R. von Hirsch and M. Schon in which no sector or 
wedge or other device is placed in front of the slit of the spectrograph. 
Rather a knife-edge perpendicular to the plane of the slit is introduced in 
the collimator in such a way that the top of the collimator receives light 
from the entire length of the slit, whereas the bottom of the collimator 
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receives no light from the slit at all. Instead of using a circular collimator, 
Barbier employed a special shaped diaphragm over the collimator so that 
the illumination falling on the plate varied logarithmically with the 
distance across the calibration spectrum. See Figs. 11 and 12. 

If the calibration spectrum is so made that I or log I is proportional to 
the distance from some fixed fiducial work on the plate, the spectrogram 
may be analysed by a direct intensity microphotometer. H. W. Babcock 
has constructed a successful instrument for the analysis of stellar spectra 
at the Mt. Wilson and Palomar observatories. Such instruments have not 
been applied to nebular lines, although there is no reason why this cannot 
be done. Once the relative intensities of the emission lines in a nebular 
spectrum at a particular point in the image have been measured by the 
aforementioned techniques, the isophotic contours (which usually refer to 
fixed steps in log /) may all be referred to the same zero point. The zero 
point itself is established by the Ambarzumian method or some equivalent 
thereof. 

The photometric difficulties encountered in the measurement of nebular 
line intensities are legion. Unlike the photometry of stellar absorption 
lines where the line profile is simply referred to the stellar continuum, the 
nebular line intensities are usually referred to some particular line, e.g. Hft 
as standard. Hence all photometric errors that depend on wavelength 
enter with full effect upon the final results. Finally, there exists a 10 3 -10 4 - 
fold intensity ratio between the weakest and strongest lines that have been 
measured. A series of graduated exposures ranging from seconds to many 
hours is necessary. 

Particularly difficult is the measurement of the very strongest lines with 
respect to the others. For example, the ratio I(Ni + 7V 2 ) //(///?) is trouble- 
some to establish by photographic photometry because the sensitivity of 
the emulsions ordinarily employed falls off very rapidly towards the 
longer wavelengths in this region. Fortunately, the ratio can be measured 
very accurately by photo-electric methods. The system of nebular line 
intensities, like the system of stellar magnitudes, profits by a photo-electric 
check for at least the brighter nebulae. 

9. Photo-electric Spectrophotometry of Planetary Nebulae 

At the Warner and Swasey Observatory of the Case Institute of Tech- 
nology, Donald MacRae and Jurgens Stock measured the intensity ratio 
I(Ni+N 2 )II(Hf}) by taking tracings across the nebular spectrum formed 
by a 6° objective prism attached to their 24-in. Schmidt camera. Subse- 
quently, W. Liller and the writer measured the relative intensities of these 
radiations in a number of planetaries with the 24-in. Curtis Schmidt 
telescope equipped with a 10° objective prism. Measures were made both 
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by using a diaphragm and measuring the monochromatic images and the 
nearby continuum, and also by tracing the spectrum with a narrow slit. 
The latter method which is similar to that of MacRae and Stock, involves 
driving the telescope at a rate slightly different from the sidereal rate by 
means of a frequency control. 

Tracings of Vega and Deneb at different zenith distances enable correc- 
tions for instrumental sensitivity and atmospheric extinction to be made. 
The results of the two kinds of measures are in good agreement with one 
another and with the observations of MacRae and Stock. 



Fig. II : 13. Tracing of the Green Nebular Lines and lip 
in NGC 7027. 

This tracing was made with a photo-electric photometer 
and the 24-in. Curtis Schmidt telescope equipped with a 
10° objective prism. The sensitivity of the photometer 
and the transmission of the optics change slowly with 
wavelength; hence the large intensity ratio of V *- N 2 
to HP is clearly shown. 


Fig. 13 shows a sample tracing. The higher dispersion employed by the 
Michigan observers permitted a separation of the images of the two green 
nebular lines in most of the planetaries observed. 

The method of reduction for surface brightnesses in which Vega and 
Deneb served as comparison stars involves a slight modification of the 
Ambarzumian method. The photo-visual magnitudes of the sun and Vega 
are, respectively, —26-87 and +0-03, (45 > a difference of 26-90“. Since the 
mean effective wavelength of the photo-visual system is 25433 a correction 
(depending on the energy distributions in the sun and Vega) must be made. 
This correction reduces the magnitude difference to 26-55 at 24861. After 






f~Ki* 11:14. A Monochromatic Planetary Nebular image observed with 
O. C. Wilson's Multi- slit. 

The image of A3 8 68 [Afelll] in NGC 7662. 

Top . Slitlcss image photographed at the coude focus of the lOD-in. reflector. 

The A3835 image is faintly visible to the left. 

Bottom, Fite same image photographed with Olin Wilson's mu Ill-slit Notice the 
splitting of the lines near the centre of the nebula. The small white square serves 

as a fudidal mark. 

(Spectrograms obtained at the Mt. Wilson Observatory* October 1952.) 
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corrections have been made for the effects of differential atmospheric 
extinction, the slit width, and the size of the nebula, there results 

log Px= log in\ log i s x, 

where i„x is the deflection that would be produced by a square second of 
arc of the nebula in the light of Hfi and 4 a is the deflection that would be 
produced by 1 A. of the solar spectrum at 24861. We discuss some of the 
detailed results in Chapters III and IV. Liller and the writer have given 
average fluxes for each nebula in ergs/cm. 2 /sec. on the assumption that 
each nebula can be regarded as a uniform disk of radius a. When isophotic 
contours are available, these mean surface fluxes can be used to calibrate 
the zero point of the contour scale in terms of surface brightness in 
ergs/cm. 2 /sec. /unit solid angle. 

The relative intensities of N u N 2 , and Hfi follow at once from the 
reductions of the tracings. The chief uncertainty lies in the estimation of 
the star plus nebular continuum. Nevertheless, the results of different 
photo-electric observers are in good agreement. 

At the Mt. Wilson Observatory, Arthur Code of Wisconsin has 
photo-electrically measured the intensities of the stronger lines I>0-lI(Hfi) 
in NGC 7027. His measures are in excellent accord with those made 
photographically by Bowen, Minkowski, and the writer. 

10. Measurement of Internal Motions in the Gaseous Nebulae 

In addition to data on the quantity and spatial distribution of the 
emitted quanta, a knowledge of the internal motions is necessary for an 
understanding of the gaseous nebulae. Mention has already been made 
of the application of the Fabry-Perot interferometer to the measurement 
of the internal motions in the Orion nebula. 

Campbell and Moore <46> observed this object with slit spectrographs, 
using a slit length amounting to 80". Their velocity measurements were 
confined to N u N 2 , and Hfi. They also measured the internal motions and 
radial velocities of a large number of planetary nebulae. 

Whereas Campbell and Moore, working with a refractor, were able to 
make radial velocity measurements in only a limited region of the spectrum 
at a time, O. C. Wilson, <47) who observes at the coude focus of the 100-in. 
reflector is able to photograph large regions of the spectrum at once. 
Hence simultaneous measurements of the internal motions in the radia- 
tions of several ions can be made. One disadvantage of the coude focus 
is that the image rotates on the slit in the course of an exposure, but this 
trouble can be overcome with the aid of an image rotator. The field is 
small, but this is no disadvantage on small nebulae. 

With a conventional slit spectrograph, the radial velocity distribution in 
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only one strip across the nebula can be observed at a time. Since the 
required exposures are very long, the accumulation of detailed information 
on any one nebula is slow. To overcome these difficulties Wilson employed 
a multi-slit instead of a single slit. The slit of the spectrograph is replaced 
by an aluminized quartz disk upon which are ruled a number of parallel 
lines which admit light into the spectrograph when the image of the nebula 
falls on the disk. The observer guides the exposure with the aid of a reticle 
placed in the eyepiece. Thus, instead of a single bowed, distorted, or split 
spectral line corresponding to a narrow strip across the nebula, each 
nebular emission gives a series of lines. Each one of these lines gives data 
on the radial velocities in a strip across the nebula. A single exposure tells 
the velocity story of a nebula. 

Measurements of the internal motions in faint extended nebulae of the 
galaxy have been made by Georges Courtes who used interferometer 
te chni ques. Grating spectrographs with high dispersion and short cameras 
could be used also. Such studies will be rewarding for investigations of 
turbulence and large-scale motions in the emission nebulae. 

More data on the motions of cool clouds of neutral hydrogen will be 
forthcoming from the 21-cm. radio observations. These measurements in 
turn are difficult to interpret because of the low resolution of the radio 
telescopes and the fact that emission along long paths in the galaxy are 
contributing to each observation. 

Radio astronomy techniques must therefore be added to the list of tools 
for the investigation of gaseous nebulae. The 21-cm. radiations comes 
from large clouds of neutral hydrogen and when the methods are perfected 
valuable data on the density fluctuations, temperatures, and velocities of 
the gas will be obtained (see Chapter VIII). 
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CHAPTER III 


The Distances, Dimensions, and Spectra 
of the Gaseous Nebulae 

The planetaries and diffuse objects form two distinct classes of gaseous 
nebulae. The determination of the distances of the two classes of objects 
is carried out by different methods, while their forms, dimensions, and 
stellar associations appear to be unrelated. We shall discuss first the 
planetaries, which are purely gaseous objects, then the gaseous diffuse 
nebulae, and finally touch on the galactic nebulae which contain solid 
particles as well as gas. 

1. The Space Distribution of the Planetary Nebulae 

The distribution of the planetary nebulae known at the beginning of the 
present century showed them to have no very strong concentration to the 
galactic plane as dp the galactic nebulae and B -stars. Nebulae of large 
apparent diameter are widely scattered over the sky, whereas the small 
objects are concentrated mainly towards the galactic centre. 

The observed distribution of the planetaries is strongly affected by space 
absorption and observational selection. In regions of high galactic latitude 
or elsewhere where space is clear, our statistics are probably complete. In 
other areas, such as the direction of the great rift in the Milky Way, many 
must be hidden by the absorbing material. The interstellar particles absorb 
selectively so that Ha emission may still be observed in objects that are so 
heavily obscured that the [GUI] and other radiations are effectively 
extinguished. 

The number of known planetary nebulae was greatly increased by the 
survey carried out by R. Minkowski/ 1} who used objective prism plates 
secured with a small refractor through red and orange filters on a 103a-E 
emulsion. This 10-in. camera had been employed by P. W. Merrill for 
a survey of Be stars. 

On such plates a small gaseous nebula is recorded as an Ha emission 
image. A peculiar or faint Be star with an intrinsically weak continuum 
may have very nearly the same appearance. Hence it is necessary to 
supplement the objective prism spectrograms with direct photographs 
taken on a larger scale, e.g. with a large reflector. Minkowski also 
secured slit spectrograms in order to distinguish Be stars and planetary 
nebulae. 
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(Courtesy R. Minkowski, Publ. Obs. Univ. Mich., 10, 26 (1951).) 
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In addition to the 10-in. camera plates, Minkowski also used objective 
prism plates obtained by J. C. Duncan and A. Wilson with the 18-in. 
Schmidt camera at Palomar. This survey added 216 new planetaries, 
bringing the total up to 371. Karl G. Henize used the 10-in. telescope at 
the Lamont-Hussey Observatory of the University of Michigan to extend 
the survey to the southern hemisphere; he has added about 137 objects, 
provisionally identified as planetary nebulae. 

As might have been expected, Minkowski’s and Henize’s survey added 
relatively more new objects in areas of heavy obscuration where compara- 
tively few planetaries had been known heretofore. For example, between 



Fig. Ill: 2. Concentration of Planetary Nebulae between — 10 ° 
and +10° Galactic Latitude as a Function of Galactic Longitude. 

The maximum near galactic longitude 328° arises because of the 
high concentration of the nebulae near the centre of the galaxy. 

Minimum near /= 10° is produced by heavy obscuration in this 
direction. The broken line denotes the densities one might expect 
to observe in the absence of obscuration. 

(Courtesy R. Minkowski, Publ. Obs. Unir. Mich., 10, 29 (1951).) 

galactic longitudes 0° and 30° and latitudes —5° to +5°, they got fifteen 
planetaries in an area where none had been found before. South of —5° 
in a region of presumably low obscuration, no new nebulae were found. 
Henize finds the density of planetary nebulae in the southern branch of 
the Milky Way to be about twice that in the northern branch. It would 
appear that most of the previously known nebulae all fall in areas where 
the interstellar absorption is small. 

The planetary nebulae appear to form a flattened system with a disper- 
sion perpendicular to the galactic plane much greater than that of the B 
stars. Clearly the high concentration of the planetaries in the direction of 
Sagittarius means that large numbers of them must be found in the central 
bulge of our galaxy. The distribution appears to be very similar to that 
of the RR Lyrae stars, and there can be no doubt that the planetaries 
belong to the Type II population. 
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The space density of the planetaries is high in a central bulge of 
1500 parsecs radius and then falls off slowly in the outer parts of the 
galaxy. A number are found at greater distances from the galactic centre 
than the sun. 

A few appear to be located as far as 2000 or 3000 parsecs from the 
galactic plane. Berman’s analysis’ 2 ’ gives a thickness of the nebular 
system as great as 3000 parsecs and assigns a number of objects to regions 
beyond the galactic centre. Actual evaluation of the space density would 
require detailed knowledge of the distances of these objects, and this 
information is not available at present. 

2. The Distances of the Planetary Nebulae 

A knowledge of the distances of the planetary nebulae is a prerequisite 
to any determination of their true dimensions and luminosities. Among 
the methods tried for the determination of the distances and absolute 
magnitudes of the planetary nebulae are the following:' 3 ’ 

(a) Trigonometric parallaxes. 

(b) Statistical parallaxes based on the tau and upsilon components of 
proper motion. 

(c) Galactic rotation. 

(d) Statistical methods based on apparent sizes and magnitudes. 

(e) Central bulge of galaxy. 

(/) Associations with clusters or stars of known distance. 

(g) Presence in external galaxies. 

A number of astronomers of the nineteenth century measured positions 
of some of the brighter planetaries in connexion with extensive programmes 
of astrometric work. K. Lundmark' 4 ’ has compiled a list of the early 
observations of Lalande, John Herschel, W. Struve, Auwers, Bruhns, and 
others. Parallax measurements were attempted by Wilsing, Newkirk, 
Bredichin, and particularly by van Maanen.' 5 ’ The measured parallaxes 
are invariably of the order of, or smaller than, the errors of observation. 
For example, van de Kamp and Vyssotsky found a parallax for NGC 6826 
of — 0-006"±0007". (6) Other lines of evidence demonstrate the remoteness 
of the planetary nebulae so that it is little wonder that the method of direct 
trigonometric parallaxes failed. 

Although Wirtz' 7 ’ and also Lundmark' 4 ’ attempted to derive proper 
motions from the astrometric visual observations of the nineteenth cen- 
tury, H. D. Curtis was the first to measure proper motions by the photo- 
graphic method.' 8 ’ Other photographic measurements have been made,* 9 ’ 
but the most extensive studies were those by A. van Maanen' 10 ’ at Mt. 
Wilson and by Claude Anderson at Lick.' 11 ’ 
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The proper motions (probable error ~ 0 001") derived by van Maanen 
are based on plates taken at the Cassegrain focus of the 60-in. reflector 
with an average interval of 12-22 years. The derived motions are relative 
to comparison stars in each field, and van Maanen reduced them to 
absolute motions with the aid of Howard Willis’s tables which give the 
parallactic motion for stars of photographic magnitude 12-6 to 15-0 for 
different galactic latitudes. He calculated mean parallaxes by Airy’s 
method and from the tau and upsilon components of proper motion with 
an assumed average radial velocity of a planetary, V, of 26T km./sec. The 
mean parallaxes of twenty-three planetaries derived by the three methods 
were 0 00050, 0-00096, and 0-00046", respectively. Weights of 2, 2, and 
1 were adopted by van Maanen to obtain the mean value of 0-00068". 
Actually, the value given by the x component is to be preferred. The 
mean parallax does not lead directly to an estimate of the mean distance 
unless all the objects selected are roughly at the same distance. 

Anderson used eighty-eight plates of thirty-three planetary nebulae 
photographed with the Crossley reflector at the Lick Observatory. The 
early plates were obtained by Keeler (1899-1901), Perrine (1904-8), and 
by Curtis (1910-17). Anderson’s investigation (1928, 1931, and 1932) 
included the larger and supposedly nearer objects, although he did include 
two stellar planetaries. He also was able to derive only relative proper 
motions. 112 ’ An examination of his results show that the nebulae in high 
galactic latitudes are relatively nearer than those in low galactic latitudes. 
He found a tendency for the objects with brighter central stars to have 
smaller statistical parallaxes. This effect was probably a consequence of 
observational selection, since among the objects he chose, the larger nebulae 
tended to have fainter nuclei. It is of interest that the larger mean parallax 
is associated with the objects of larger mean diameter, suggesting that the 
angular diameter is the quantity most closely related to the distance, i.e. in 
general the larger the nebula appears to be, the closer it really is. On the 
other hand, the stellar planetaries are not necessarily all remote objects; 
many of them may be intrinsically small nebulae of relatively high density; 
in many instances their small apparent sizes must be a consequence of their 
dimensions rather than their distances. The mean parallax computed from 
the r and v components is 0-00070", a value in good agreement with the 
one obtained by van Maanen, even though the individual proper motions 
are not in good agreement. 

First epoch plates for proper motion studies of the southern planetaries 
have been obtained by Thackeray and Evans/ 13 ’ Furthermore, it is now 
possible to more than double the base-line of many of Anderson’s plates 
by means of a new series taken with the Crossley. The precision of the 
proper motions could be greatly increased, and it is to be hoped that the 
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number of objects reobserved will be extended to include all planetaries 
for which good early plates are available. 

The study of the motions of the planetary nebulae is complicated because 
of their remoteness and their membership in the Type II population, 
Campbell and Moore, at Lick Observatory, <14) made a complete study of 
the velocities of the emission nebulae north of — 34° S., while R. E. Wilson 
at the Santiago station of the Lick Observatory observed the southern 
objects, including the ones in the Magellanic Clouds. If one adopts the 
apex of the sun’s way as a =270°, d =+30°, and the velocity of the sun 
with respect to the nearby stars as —19-5 km./sec., the nebular velocities 
may be corrected for the solar motion. It turns out that six planetaries, all 
located in one small area of the sky 15-l*<a<19-2*, — 9°><5>— 38°, have 
corrected velocities greater than 115 km./sec. ! Of the ninety-six remaining 
planetaries, thirty-one are of the so-called “stellar type” with diameters 
less than 5 . These objects fall in the direction of the galactic centre and 
have an average radial velocity of 28 km./sec., while the sixty-five nebulae 
with diameters greater than 5" give an average velocity of 31 km./sec. 
These nebulae probably all belong to the central bulge. 

On the assumption that the planetary nebulae share the motion of 
galactic rotation defined by the B stars, Zanstra and also Vorontsov- 
Velyaminov (1<s) attempted to derive statistical parallaxes for the planetaries. 
In view of the erroneousness of the fundamental premise it is unlik ely that 
the numerical results are of much significance. 

Perhaps the most ambitious of these early studies was that by Louis 
Berman, who attempted to use all the then available information relevant 
to the determination of the distances of the planetaries. The data are: 
(1) mean parallaxes based on proper motions; (2) angular diameters (</); 
(3) radial velocities which he treated in conjunction with the theory of 
galactic rotation; and (4) the apparent magnitudes of the nebulae, m„, and 
of their central stars, m s . 

As a zeroth approximation, Berman used the angular diameters of the 
planetaries as a measure of their distances. Unlike nebular magni tudes, 
they are comparatively unaffected by space absorption. He divided the 
planetaries into two groups: (I) the large objects with bright nuclei that 
are scattered well over the sky, and (II) the small objects which are concen- 
trated in the Sagittarius region. The proper motion data then serve to fix 
the constant of proportionality, c, between parallax and angular diameter, 
d=cp. Once c is known (Berman calculated it from the r components of 
proper motion), one can obtain the mean parallax of any distance group 
from d. Before the mean distance of the group, r d , can be found, however, 
it is necessary to correct l Ip for the dispersion in the diameters. Berman 
computed mean absolute magnitudes of the nebulae, M„, and used them to 
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establish the relative distances of the planetaries by means of the relation: 
log r=0-2(m„+5—M n ). Then, for the first approximation, he divided the 
nebulae into three distance groups and analysed the radial velocities of 
the nebulae in each group on the basis of the theory of galactic rotation. 
The latter discussion yielded three values of Ar A , so that if A is known, it 
is possible to find the mean “rotational distance” of each group. Berman 
adjusted the value of A to make the r A and r D scales agree. One of the 
objectives of his study was to use the motions of the planetaries to study 
galactic rotation at great distances from the sun. 

Next, Berman used the nebular magnitudes m„ to sort out the nebulae 
for yet another grouping to provide the material for the next approxima- 
tion. One must know, however, not only the mean absolute magnitudes 
of the planetaries, M„, but also the corrections to be applied for the 
absorption of fight in space. Furthermore, one should allow for the 
temperature differences in the central stars and that the absolute magni- 
tude of the nebula probably depends on the temperature 7\ of the central 
star. Berman introduced the quantity, <5(Ti) =m s —m„, because the lumino- 
sity of the nebula depends ultimately upon the available ultra-violet energy 
which is a function of 7i. The nebulae with cooler central stars will have 
bright nuclei, but those nebulae whose central stars have temperatures of 
the order of 100,000° K. will have relatively very faint nuclei. Berman 
calculated S(T) theoretically and compared it with the observed m s —m„ to 
estimate T x . He also derived empirical corrections to <5(7i), and computed 
the “reduced” nebular magnitude, m n ', from the relation m n '-\-ad=m n . 
Now 6 is known from the temperature estimates for the central stars, and 
for each of the distance groups a least-squares solution yields an estimate 
of a and m n -. By a combination of mean group distances and reduced 
magnitudes, m n ', the absolute magnitude M n ’ and k, the coefficient of 
interstellar absorption follows. Once M n ' and k are known, one can 
compute for each planetary 

log r =0-2(m* —ad —kr x -M„- + 5), 

where r x refers to the distance group. The improved estimates of r enable 
the rearrangement of the planetaries into new distance groups, and the 
determination of the new scale of distances from d and p. The new 
distances and the magnitude data yield better values of the space absorp- 
tion and Mn and the process was continued. Several approximation s were 
utilized to obtain the finally adopted relations between p, r, and log r. 
The determination of the distance of the galactic centre, 9360 parsecs, was 
in good agreement with that found by other studies at that time. 

Many of the planetaries lie at a considerable distance above the galactic 
plane. In his discussion of the effects of absorption, Berman assumed an 
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exponential law for the density of the absorbing material perpendicular 
to the galactic plane. He sorted some of his objects into subgroups 
according to galactic latitude and made least-squares solutions for 
M n ' and k (the absorption per kiloparsec in the galactic plane). He 
found M„=— 0-88 ±0-12 and k =0-55 ±0-06 magnitude per kiloparsec. 
At the end of his paper he tabulated for each nebula, its photographic 
magnitude, m„, the magnitude of its central star, m s , the temperature of the 
central star, and the distance in parsecs. 

While Berman’s distance scale appears to be more nearly correct than 
those which preceded it, a number of objections may be raised against it. 
Oort <17) criticized the assumed equality in absolute magnitude and size of 
the faint and bright planetaries together with the assumption that the 
diameters are not influenced by galactic absorption. Different planetaries 
probably are at different stages in their evolutionary development 
(Chapter VII), so we would not expect all of them to be of the same 
intrinsic size. For example, few would assert that the dense “stellar” 
planetary IC 4997 has the same dimensions as the giant Aquarius nebula 
NGC 7293. Nearby, faint, large planetaries can be detected easily if they 
are unobscured, whereas if the same objects were located behind even a 
small amount of obscuring matter they would be dimmed out by space 
absorption. The smaller planetaries of high surface brightness may be 
able to stand much more absorbing material in the line of sight before 
they are hidden from view. Berman’s treatment of space absorption is too 
idealized to lead to satisfactory results. The planetaries used in his inves- 
tigation are generally those seen through “windows” in the absorbing 
material. The interstellar material is so irregularly distributed that the 
use of an average absorption coefficient is meaningless. 

Statistical methods to obtain the distances of the planetaries have also 
been employed by Camm <18) and by P. Parenago. <19) Camm postulated 
a linear relation between absolute magnitude, M n , and linear diameter, D, 
viz. D=aM„+b, where the constants a and b were determined by imposing 
the condition that the dispersion in linear diameter and absolute magnitude 
be as small as possible, consistent with the condition M„=+ 0-2. This 
postulated relation does not appear to be connected to any physical theory 
of these objects. Camm made no allowance for interstellar absorption nor 
for observational selection as he deemed his method “too crude to warrant 
such corrections”. Except for the nebulae of large angular diameter for 
which Camm gets smaller distances than Berman, the distances appear to 
be of the same order of magnitude. Individual objects show considerable 
differences. Parenago’s distances, on the other hand, are systematically 
smaller than those of Berman. 

We have mentioned the strong concentration of the planetaries to 
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the central bulge of the galaxy. On the assumption that the sizes of the 
planetaries are, on the average, everywhere the same throughout the 
galactic system, Minkowski has used the apparent sizes of the planetary 
nebulae to test various distance estimates. If the average size of the 
planetary nebulae between +10° and —10° of galactic latitude is plotted 
a gains t galactic longitude, it is found that the resultant curve has a maxi- 
mum at /=+10° in the zone of greatest obscuration (where all distant 
objects are hidden) and a minimum (5-9" is the mean diameter) in the 
direction of the galactic bulge between 320° and 340°. If the distance of 



Fig. Ill : 3. Size Distribution of Planetary Nebulae in the 
Central Bulge . 

(Courtesy, R. Minkowski, Publ. Obs. Univ. Mich., 10, 31 (1951).) 

the galactic centre is taken as 8500 parsecs (corresponding to a parallax 
of 0 00012"), the ratio of angular diameter to parallax amounts to 
5-0 x 10 4 . Now van Maanen obtained a parallax of 0 00096" from the 
r components of proper motion for his nebulae which had a mean angular 
diameter of 53". The corresponding ratio is 5-5 x 10 4 , while Anderson, 
who selected a number of very large nebulae, obtained results which lead 
to a ratio of 10-2 x 10 4 . Berman’s distance scale, which is ultimately based 
on the proper motions by van Maanen and Anderson, leads to one that is 
in harmony with the scale based on the nebular concentration at the 
galactic centre. 

Minkowski finds that Berman has applied corrections for interstellar 
absorption that are too large for low galactic latitudes. That the planetaries 
studied by Berman are mostly in relatively “clear” regions in the Milky 
Way is confirmed also by studies of the Balmer decrement. Thus the 
objects in low galactic latitudes are larger and are at greater distances than 
Berman supposed. His distances for relatively faint nebulae are probably 
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too large. For objects far from the galactic plane, Berman’s distances 
are statistically trustworthy. Parenago’s distances appear to be systemati- 
cally too small, and it would seem that he has over-corrected for space 
absorption. 

Ultimately it should be possible to give mean absolute visual magnitudes 
for the planetaries in the central bulge. Several precautions are to be noted. 
First, the correction for space absorption must be determined from the 
Balmer decrement. Second, account must be taken of the level of excita- 
tion of the nebula. Our description is inadequate if we give the mono- 
chromatic magnitude of the nebula in the radiation of the [GUI] emission, 
but do not give the relative intensities of the other lines and the correction 
for space absorption. 

The association of planetary nebulae with Baade’s Type II population 
is further illustrated by the object discovered in the globular cluster 
NGC 7078 by F. G. Pease. (20) Spectrograms secured by Minkowski show 
the characteristic emissions of a planetary nebula. The velocity of this 
object is the same as that of the cluster. <21) The magnitude of this nebula 
may be measured by a judicious combination of photo-electric photometry 
(using the technique developed by Liller) and photographic photometry. 
Finally, it may be mentioned that the nucleus of the planetary NGC 246 
has a companion whose spectrum indicates it to be a dwarf star of around 
F or G spectral class. Thus the spectroscopic parallax of at least one 
planetary nebula would appear to be determined, since the magnitude 
difference of the two stars has been measured photo-electrically by Liller 
and the writer. 

3. The Dimensions and Forms of the Planetary Nebulae 

When the distances of the planetaries have been established, their dimen- 
sions follow at once from their angular diameters. Anderson found the 
mean linear diameters of the ten largest planetaries studied by him to be 
0-61 parsec. Minkowski has used the apparent sizes of the planetaries 
found in the central bulge to estimate the intrinsic size distribution in the 
planetary nebulae (see Fig. 3). The distribution has a maximum at about 
0-14 parsec and falls off gradually for increasing sizes. Minkowski 
suggests that a distribution in sizes of this form results if, during the earlier 
stages of development, the observed size represents only the ionized portion 
of the expanding shell of gas and not the entire shell (see Chapter VII). 

The assignment of dimensions to some planetary nebulae is no easy task 
when account is taken of their complexity. Detailed discussion of the 
forms of planetary nebulae with emphasis on quantitative results is given 
in Chapter VII, but we may mention here some of the earlier studies that 
form the background for the later theoretical investigations. 
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The variety and complexity of the forms exhibited by the planetary 
nebulae have attracted the attention of astronomers for many years. 
Although the best-known examples are large ring-shaped objects like 
NGC 6720, the Ring nebula in Lyra, the class includes small disk- 
structures like IC 418 (cf. Chapter VII, Section 2), stellar planetaries like 
IC 4634, and binuclear objects such as NGC 7026, which Keeler described 
as resembling “two sheaves of corn placed side by side” (22) (see Figs. 4, 
5, and 6). 

Careful drawings by Herschel, Lord Rosse, Lassell, Holden, and 
Schaeberle reveal the striking features of many of the planetaries. These 
early pictures exhibit a considerable subjective element, a factor that could 
be removed only by the application of the photographic plate to the 
problem. 

Keeler’s pioneer photographic work with the Crossley reflector was 
extended by H. D. Curtis’s careful study of the forms of these subjects. 
He made careful drawings from his photographs of all the then-known 
planetaries north of 34°S. (23) Such a process was necessary to show the 
fine details, but scarcely could be expected to represent the great differences 
in brightness between the brighter and fainter parts of many planetaries. 
Although he found no central star in thirteen of seventy-eight planetaries, 
Curtis concluded that all planetaries had central stars; if they were not 
seen, it was because the nebular material was so bright as to obscure 
them. 

Curtis classified the planetaries according to their ring and shell struc- 
tures. He distinguished seven (not mutually exclusive) groups, including 
helical, annular, various kinds of disks, irregular or amorphous, and stellar 
objects. In agreement with the conclusions of earlier workers, Curtis 
concluded that the ring planetaries must be actually shell structures rather 
than rings. Such a shell, if homogeneous and transparent, should appear 
in projection as a disk with a brighter peripheral ring, and if d is the 
thickness of the shell expressed as a fraction of the outer radius, the 

brightest part of the ring will be 1 times as bright as the centre of the 

disk. Thus if the brightness of the centre of the disk is one-tenth that of 
the ring the thickness of the shell should be one-fifth that of the nebula. 
Definite discrepancies are found for the Ring nebula NGC 6720. Curtis 
found that the homogeneous ellipsoidal shell model would explain about 
twenty-five of the planetaries he observed, but failed for thirteen objects 
including such well-known nebulae as NGC 7662. 

Curtis investigated the theoretical appearance of planetaries with various 
types of shells; he found the intensity curves graphically with the aid of 
small semi-transparent models suspended in a liquid of nearly the same 




Fig. Ill : 4. The Ring Nebula in Lyra, 

Right, Direct photograph secured with the Crossley reflector. 

Left, Drawing based on exposures from 1 1,1 to 2 h ; the complex structural details are accen- 
tuated in the drawing. The outside dimensions of the mehula are about 83* x 59" in position 

angle 66\ 

(Courtesy H, D. Curtis, Pubf. Lick Ohs., 13, Fig. 46, Plate XVJI <[9(9).) 
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Fig, III : 5. The Ring Nebula in Lyra . 

(a) The direct photograph (left) was obtained in the radiation of Ha- f- [A ll] by R. Minkowski with the 200-in. Hale telescope. 

( b ) lsophotic contours of this photograph were traced with the balanced-beam tso photo me ter at the University of Michigan. 

Relative approximate log Ts are indicated by the figures. The dotted lines denote 41 valleys’* in the contours. Notice the range 
ir r en the brighter portions of the ring and the central hole. The scale of the lsophotic contours is about 5/7 





Fig. lil : 6. NGC 7026. 

(a) It. Minkowski obtained this photograph in the radiation of Ha -{/VII} with the 

200-in. Hate telescope. 

(/j) Hie isophotic contours were derived from a graded series of exposures in sleps of 
01 m log /. Notice the two centres of highest intensity and the symmetrically placed 
arms of this nebula. The scale of the fsophotic contours is about twice that of the 
djrect photograph. The orientation is indicated for each picture by the symbols 

N, S, E, W, 





[mol ioos 

SH 

II »K 989? 


[mo] e9£> . 


K + [ill 3 !)] i96e — 

[UIW] 698S 

[ no ] lux 


[aw j 

[aw] 9?ee 


E£l? — 



CO 

CO 

to 

<J> 

o 

rO 

to 

O 

o 

oO 

00 

to 

rO 

tp 

O) 

S 

z £ 

o - 

O 

U 

Oi 

U 


c^l 

< 

O 

o 

—y 

to 




2 

2 


2 

— 

— ■ 



Fkj. Ill : 7, Slit less Spectra of planetary Nebulae. 

The nebulae are grouped according to excitation class (right) following the scheme given in Table 111 : 2. 
Notice the progressive change in the intensity ratios (49 59 4- 5007) ///ft 3727 4949* 4686 //ft and 3426. Hfi 

from the low to the high excitation objects, 

(Photographed with the 2-prism si it less spectrograph at the Crosslcy reflector of the Uck Observatory* 1944 54 
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refractive index and viewed by transmitted light. He found that a homo- 
geneous oblate spheroidal shell much thinner in the equatorial zones than 
at the poles gave good agreement with many of the observed nebular 
forms. Small angles of inclination (0°-30°) between the major axis and 
the line of sight appeared to represent nebulae that are fainter along the 
major axis, e.g. NGC 6818. Projections at angles 45°-60° corresponded 
roughly to objects such as NGC 6853 or NGC 40. The truncated shell 
model explained other “regular” forms observed. The assumption of 
homogeneous shells, rings, and other structures is at best only a rough 
approximation and even if we ignore the “fine-structure” of the nebulae, 
it is not always possible to find a unique model that fits the observations. 

In addition to the classification scheme proposed by Curtis, many others 
have been suggested. Some have been based on spectroscopic considera- 
tions. Others such as those of Stoy,' 24) Vorontsov-Velyaminov,' 2S) or 
Thackeray and Evans' 131 are based on the geometrical forms. The photo- 
graphs secured by Minkowski at Palomar show the complexities of most 
planetaries to be much greater than had been appreciated. We discuss his 
observations in Chapter VII and conclude this section with the theoreti- 
cian’s planetary nebula. This mythological object (which is perhaps most 
closely approximated by IC 3568) consists of a hot central star surrounded 
by a spherical shell of radius large compared with that of the star. The 
shell is usually assumed to be thin compared with its radius, and often has 
a constant density. The complexities exhibited by most of the real nebulae 
are not amenable to theoretical discussion. 

4. Spectroscopic and Spectrophotometric Studies of the Planetary Nebulae 

Since 1864, when Huggins demonstrated the bright-line character of the 
spectra of the planetaries, investigations have been carried out by many 
observers, including Lockyer, (26) E. von Gothard,' 271 Wolf,' 28 ’ and 
Campbell. <29) Extensive observations, with both slit and slitless spectro- 
graphs were carried out by W. H. Wright' 30) at the Lick Observatory. He 
gave wavelength measures and intensity estimates of the nebular emission 
lines, discovered the Balmer recombination continuum, classified the 
nebulae according to their spectra, and described the distribution of the 
various radiations in the different parts of the planetaries. He found that 
P.4686, Hell, tended to concentrate in the inner regions of the nebulae, 
whereas 23727, now known to be due to [Oil], was often concentrated in 
the outer regions and ansae. In fact, whenever size differences existed in 
the images, the 23727 image was always as large (and usually larger) than 
any other image while 23426 [JVeV] was smaller than any other image. The 
green nebular [OIII] lines usually gave slightly larger images than did 
hydrogen, although in the low excitation nebula IC 418 they are smaller. 
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Certain emissions always seem to have about the same spatial distributions 
and relative intensities. Thus we may mention 24959 and 25007 [0111], 
26548 and 26584 [MI], 23869 and 13967 [Mill], 13726 and 13729 (the 3727 
pair of [Oil]), 13426 and 13346 [MV], and 13313, 13342, and 13445 of 
OIII. The identifications of the forbidden lines were made many years 
later, particularly by Bowen and by Swings and Edlen. 

Later, Stoy (31) observed a few of the fainter lines in the visual region 
(15400-17300) in NGC 6572 and NGC 7027, but the most extensive study 
was that carried out by Bowen and Wyse at the Lick Observatory. 023 
They employed Bowen’s image slicer and carefully examined the spectra 
of NGC 6572, NGC 7027, and NGC 7662. As mentioned in Chapter II, 
with this device it is possible to secure widened spectra without drifting 
the telescope and thereby requiring a longer exposure. Also, since succes- 
sive strips of the nebula are placed side by side, faint lines may be more 
easily distinguished from spurious ones than would be true for a narrow 
spectrum. They made exhaustive tests to find the photographic emulsions 
best suited for the long exposures on the nebula. The exposure times 
ranged from 15 minutes to 19 hours and 20 minutes in order to record 
both strong and weak lines with measurable intensity. They obtained both 
the wavelengths and rough estimates of the intensities of the nebular 
lines. 

The levels of excitation of the three nebulae differ in an interesting 
fashion. In NGC 6572 Bowen and Wyse found no ions with ionization 
potentials greater than 65 e.v. In NGC 7027, lines of ions from neutral 
O to M++++ appear with high intensity. In NGC 7662 the high excitation 
lines are strong; those of low excitation are relatively weaker. Hence a 
great range of excitation appears to exist in NGC 7027. 

Bowen and Wyse detected lines of a number of metals previously un- 
observed in gaseous nebulae, thus removing one of the conspicuous 
qualitative differences between the elements represented in nebulae and 
stars. Furthermore, when they took into account the mode of excitation 
of the various emissions in the gaseous nebulae, they found that quantita- 
tively the composition of the planetary nebulae seemed to be about the 
same as that of the sun. 

These investigations were continued by Wyse, who in his last paper, (33) 
published detailed results obtained for ten gaseous nebulae. This careful 
investigation, the most exhaustive study ever made of the spectra of repre- 
sentative planetary nebulae, provides a wealth of material for theoretical 
studies. Wyse was particularly interested in the chemical compositions of 
the nebulae and wanted to find whether NGC 7027 was typical in composi- 
tion, whether there were important differences in the chemical compositions 
of the diffuse and planetary nebulae, and whether the planetaries exhibited 
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a nitrogen and a carbon sequence as do the classical Wolf-Rayet stars. He 
employed appropriate spectrographs on the 36-in. refractor of the Lick 
Observatory with an image slicer replacing the slit except for exposures on 
the Orion nebula. Exposures ranging from a few minutes to several nights’ 
duration were required in order to compare the weak and the strong lines. 
Wyse estimated the intensities of the lines on his spectrograms with the aid 
of scale plates, obtained by photographing the spectrum of a helium dis- 
charge tube, the intensity of the source being varied from one exposure to 
the next. He compared his estimated intensities for NGC 7027 with 
Plaskett’s value for the visual region and those obtained by the writer for 
the photographic region, in order to establish systematic corrections for 
the variation of plate sensitivity, instrumental absorption, and atmospheric 
extinction, and applied these systematic corrections to all the nebulae 
observed. Unfortunately, no attempt was made to allow for the variation 
of atmospheric extinction from one exposure of one object to another. 
This omission of extinction corrections may be important for some of the 
far southern objects. 

Although the accidental errors in the eye estimates of the line intensities 
may be large in individual instances, the scale of the intensity system as 
checked by subsequent spectrophotometric work appears to be remarkably 
good. Wyse’s exposures were limited by the intensity of the background 
nebular continuum. More recently, Bowen, by using higher dispersions at 
the Palomar coude, has been able to suppress this continuum to the extent 
that he has been able to observe substantially fainter lines. 

The list published by Wyse includes about 270 nebular (and sometimes 
perhaps nuclear) lines, only about a third of which were known before the 
beginnings of the investigation by Bowen and Wyse. The unidentified lines 
numbered about 40% of the total, although they contributed less than 
5% of the energy. Wyse estimated the chemical composition of the 
planetaries and the Orion nebula to be about the same, and concluded 
their chemical compositions did not differ conspicuously from that of 
the sun. 

Since the investigations of Wyse, spectroscopic studies of the planetaries 
in the infra-red have been made by Minkowski and the writer (34) and by 
Swings and Jose. (35) A very detailed study of the rich, bright-line spectrum 
of NGC 7027 has been carried out at Palomar and Mt. Wilson by Bowen, 
Minkowski, and the writer. Lines of the following ions appear: H, He I, 
Hell, Cll, CIII, CIV, Nl, Nil, Mil, 01, Oil, Olll, OIN, ON, FIN, Neill, 
NelN, NeN, Mgl, Sill, Silll, SI, SO, Sill, Cllll, CUN, Al II, ,41V, ,4V, 
KIN, KN, KNl, CaN, CaNll, MriN, MnNl, Fe III, FeN, FeNl, and FeNll. 
We list the identifications and intensities (when measured or estimated) in 
Table III : 1. 
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Table III : 1 
Spectrum of NGC 7027 

(Based on observations of Bowen, Minkowski, and Aller; Mt. Wilson and Palomar, 1954) 


* A 

Element 

Origin 

I 

3132*82 

Olll 

3p 3 S-3d 3 P 2 

20: 

3203*16 

Hell 

3 2 D-5 2 F 

7: 

3299*58 

Olll 

3s 3 P 0 -3p 3 S 

3*5 

3312*35 

Olll 

3s 2 P l -3p i S 

11*3 

3340*78 

Olll 

3s 3 P 2r 3p 3 S 

16*0 

3345*82 

[NeV] 

2 Pi-'D 

24: 

3386*03 

— 

— 

0*5 

3411*84 

OIV 

3 2 p 3I2 -3 2 d 5I2 

M 

3414-76 

— 


0*8 

3425*84 

[NeV] 

2 P 2 -'D 

} «: 

3428*70 

Olll 

3p 3 Py-3d 2 3 P 2 

3444*05 

Olll 

3p i P 2 -3d i P 2 

30: 

3554*4 

He I 

2 3 P-10 3 D 

0*3 

3587*05 

Hel 

2 3 P-9 3 D 

0*8 

3634*20 

He I 

2 3 P-8 3 D 

0*8 

366600 

HI 

2 2 P-27 2 D 

— 

3667*68 

HI 

2 2 P-26 2 D 

— 

3669*47 

HI 

2 2 P-25 2 D 

— 

3671*48 

HI 

2 2 P-24 2 D 

0*6 

3673*70 

HI 

2 2 P-23 2 D 

0*8 

3676*31 

HI 

2 2 P-22 2 D 

0*9 

3679*39 

HI 

2 2 P-2l 2 D 

0*9 

3682*81 

HI 

2 2 P-2G 2 D 

1*0 

3686*88 

HI 

2 2 P-\9 2 D 

M 

3691*53 

HI 

2 2 P-\8 2 D 

1*3 

3697*21 

HI 

2 2 P-\1 2 D 

1*4 

3703*81 

HI 

2 2 P-16 2 D 


3705*04 

Hel 

2 3 P-VD 

3711*95 

HI 

2 2 P-\5 2 D 

1*8 

3715*27 

Hell 

4 2 F-29 2 G 

0*7 

3721*81 

HI 

ISUl] 

2 2 P-\4 2 D\ 

3Pi~ l S J 

4*3 

3725*99 

[Oil] 

4 S- 2 D m 

9*4 

3728*76 

[Oil] 

4 S- 2 D s!2 

^■F-2(P-G 

4*6 

3732*97 

Hell 

0*7 

3734*34 

HI 

2 2 P-\3 2 D 

2*3 

3736*70 

OIV 

3p 4 D 2 j 2 -3d A Fgi 2 

0*9 

3740*16 

Hell 

4 2 F-25 2 G 

0*6 

3748*77 

Hell 

4 2 F-24 2 G 

0*6 

3750*19 

HI 

2 2 P-\2 2 D 

2*7 

3754*69 

Olll 

3s i P 1 -3p i D 2 

1*4 

3757*24 

Olll 

3s 2 P 0 -3p i D l 

0*8 

3759*87 

om 

3s 2 P 2 -3p 3 D 3 

3*8 

3768*86 

Hell 

4 2 F-22 2 G 

0*7 

3770*66 

HI 

2 2 P-\\ 2 D 

3*3 

3773*95 

Olll 

3s 3 P 1 -3p i D 1 

0*7 

3781*74 

Hell 

4 2 F-21 2 G 

0*8 

3791*29 

om 

3s i P 2r 3p i D 2 

0*7 

3797*91 

HI 

2 2 P-l(fiD 

3*5 
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Table III : 1 — contd. 


1 

Element 

Origin 

I 

3813-50 

Hell 

4 2 F-19 2 G 

0-7 

3819-66 

He 1 

2 3 P-6 3 Z> 

1*1 

3833-75 

Hell 

4 2 F-18 2 G 

« } «• 

3835-41 

HI 

2 2 P-9 2 D 

3856-17 

Si n 

3P 2 2 />5/ 2 -4 2 F 3)2 
4 2 F-17 2 G 

0-3 

3857-99 

Hell 

0*8 

3862-67 

SiU 

3P 2 2D m -4>P l:2 

0-3 

3868-73 

[Neill] 

3P 2 -'D 

51 

3888-91 

HI 

2 2 P-8 2 D 



He I 

2 3 S-i i P 

3891-28 

[/W] 

5 o 4 - 3 f 4 

0-4 

3895-61 

[FeV] 

s D 3 - 3 P 2 

0-4 

3923-56 

Hell 

4 2 F-15 2 G 

0-6 

3926-50 

He I 

2‘F-8 1 Z) 

0-4 

3956-82 

— 

— 

0-2 

3964-88 

He I 

2 1 S'-4 1 P 

— 

3967-46 

[Neill] 

3 F 1 - 1 0 

} 24-4 

3970-06 

HI 

2 2 P-1 2 D 

3997-36 

IF IV] 

iPr-'D 

0-2 

4009-17 

He I 

2 l P-l 1 D 

0-4 

4026-12 

He l 

2 3 F-S 3 D 

20 

4060-26 

tfTV] 

3 P 2 - x D 

0-3 

4068-62 

[sn] 

4 s-*P m 

4 ‘ 5 ].4-9* 

4070*27 

cm 

4 3 F 4 -5 3 G 5 1 

0-4J 


[Felll] 

s d 4 - 3 g 5 ; 

4072-14 

[FeV] 


0-3 

4076*33 

[SH] 

4 S^P m 

2*2 

4097-37 

Arm 

3 2 5-3 2 F 3 /2 

2-0 

4100-08 

He n 

4 2 F-12 2 G 

— 

4101-74 

HI 

2 2 P-6 2 D 

} 16-3 

4103-46 

Arm 

3 2 S-3 2 F 1/2 

4120-80 

He I 

2 3 P-5 3 5 

0-3 

4122-60 

l KN] 

4 s-*d 5/2 

0*2 

4128-74 

— - 

0*3 

4143-76 

Hel 

2'P-6'D 

0-5 

4156-35 

cm 

3 3 Z) 2 -5 3 F 3 

0-4 

4163-33 

[KN] 

4 S- 2 D 3 / 2 

0-3 

4180-92 

[FeV] 

SDi-JFo 

0-2 

4186-98 

cm 

4 , F-5 1 G 

0-5 

4199-88 

Hell 

4 2 F-11 2 G 

1-5 

4227-39 

— 

— 

0-5 

4267-13 

cn 

v-d-vf 

0-9 

4338-62 

Hell 

4 2 F-10 2 G 

| 33 

4340-44 

HI 

2 2 P-5 2 D 

4363-19 

[OIU] 

l D- l S 

21 

4379-07 

mu 

4 2 F-5 2 G 

0-5 

4387-97 

Hel 

2 1 F-5 1 U 

1-7 

4471-50 

Hel 

2 3 F-4 3 D 

3*9 

4510-79 

[KTV] 


0*7: 

4541-60 

Hell 

4 2 F-9 2 G 

2-3 

4552 

s/m 

4 3 5-4 3 F 2 

0*4 

4571-24 

Mgl 

3*5-3^ 

0*9 

4606-51 

[FeUl] 


0*5 

4625-54 

[AV] 

'D-^S 

0*5 f 
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Table III : 1 — continued 


l 

Element 

Origin 

/ 


4631-96 








4634-15 

Mil 

VPm-VDvi 

2-8 


4640-62 

Mil 

3 2 P 3 / 2 -3 2 Z > 5/2 

3-6:' 

j-4-2* 

4641-93 

Mil 

3 2 P m -3 2 D il2 

0 - 6 : 

4647-46 

CIII 

3 3 S-3 3 P 2 

1*4:‘ 


4649-08 

Oil 

3s*P 5/2 -3p*D 7l2 

0-4: 

y 2-4* 

4650-27 

CIII 

VS-PPi 

0-6 


4657- 68 

4658- 42 

CIV 
[Fe III] 

5 2 G-6 2 H 

5 £> 4 - 3 F 4 

} 16 


4685-71 

Hell 

1 2 D-4 2 F 

45 


4701-45 

[Fe III] 

S Dy- 3 F 2 

— 


4711-34 

HIV] 

*S-*D 5/2 

2-8 


4713-17 

He I 

2 } P-4 2 S 

0-7 

- 4-8* 

4714-26 

[NeYV] 

2 D 5 u^P m 

0-8 

4715-65 

[Ne IV] 

^sir^Pm 

0-5 


4724-16 

[Ne IV] 

lD 7>!2- 2p 3/2 

1-3 

* 2-6 

4725-60 

[Ne IV] 

2 Dnr- 2 P 1/2 

1-3 

4733-68 

[FelU] 

5 D 2 - 2 F 2 

— 


4740-20 

HIV] 

*S-2D m 

11 


4754-9 

4859-32 

[FelH] 

Hell 

S D 3 - 3 P 4 

4 2 F-8 2 G 

0-4 


4861-30 

HI 

2 2 P-4 2 D 

f 100 


4893-42 

[FeVII] 

3 F 2 - 3 P! 

0-6 


4921-96 

He 1 

2 1 P-4 1 Z> 

3-1 


4930-97 

[OU1] 

iPo- 1 * 2 

< 0-5: 


4944-01 

[FeNll] 

3 F 3-5^2 

— 


4950-48 

— 

— 

— 


4958-95 

[CIII] 


1 420 


4972-12 

[FeVI] 

A Fsir- 2G m 

— 


5006-88 

[OIII] 

i P 2 - l D 

1170 


5015-55 

He 1 

2 1 S-3 1 P 

— 


5041-31 

Sill 

‘PPyTr&Dyi 

1 - 6 : 

J- 3-0+ 

5047*92 

He I 

2 1 P-4 1 S 

1-4: 

5056-45 

Sill 

4 2 P 3I2 -A 2 D 5I2 

1*5 :* 

* 

5090 

— 

— 

0-5 


5112 

ON 

3!5-3!p 

0-5 


5131-18 

— 

— 

0-6 


5145-78 

[FeVI] 

4 F 7 / 2 - 2 G 7 / 2 

0-9 


5158-94 

5161-67 

[FeVII] 

3 F 3 - 3 Px 

} 0-6 


5176-42 

[FeVI] 

A F9l2~ 2G 9n 

0-9 


5191-81 

Mill] 

1 D- i S 

0-9: 

] 

5197-95 

[Nl] 

4 S J2 P>3I2 

1 - 2 : 

^ 1 - 6 * 

5200-41 

[M] 

*s^d SI2 

0-3: 

J 

5216 

— 

— 

0-5 


5232 

— 

— 

0-4 


5262-00 

— 

— 

— 


5270-28 

[Felll] 

5 D 3 - 3 P 2 

0-3: 

}o- 6 | 

5277-76 

[FeVII] 

3 f 4 - 3 p 2 

0-3: 

5309-17 

[CoN] 

3 P 2 -!Z) 

1-7 


5323-26 

[C/IV] 


1-0 


5335-22 

[FeVI] 

A Fyz- A P 1/2 

1-2 


5345-98 

— 


1-2 
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Table III : 1 — continued 


X 

Element 

Origin 

I 

5411-54 

He II 

A 2 F-1 2 G 

9 

5423-87 

[FeVl] 


0-4 =1 0-6* 

5426-57 

[FeV I] 

4 F 7 j 2 - 4 P 5/2 

0-2 :J uo 

5470-93 

5484-79 

[FeVl] 

4 F 5 , 2 - 4 / > i/2 

S;} 09 * 

5517-72 

[C7HI] 

4 s- 2 d SI2 

1-0 

5537-80 

[C/III] 

4 S- 2 D i/2 

2-7 

5577-36 

[01] 


1-5 

5592-17 

OIII 

3s'P-3p l P 

11 

5604 

[ATVI] 


0*6 

5614-65 

[CaVII] 

3 P 2 - 1 D 

__ 

5630-88 

[FeV I] 

4 F 7 j 2 ~ 4 P 3/2 

0-7 

5677-01 

[FeVl] 

4 F 9! 2~ 4 P 5/2 

1-1 

5696-06 

cm 

vp-vd 

— 

5721-13 

[FeV II] 

3 F 2 - 3 D 

L 2 }i. 2t 

5726-12 

— 

— 

5754-59 

INI I] 

l D- l S 

12 

5776-37 

[MnV I] 


— 

5786-59 

Hell 

5 2 G-40 2 H 

— 

5790-85 

Hell 

5 2 G-39 2 H 

— 

5794-64 

He II 

5 2 G-38 2 H 

— 

5801-38 

CIV 

3 2 S-3 2 P m 

2-2 

5806-29 

Hell 

5 2 G-36 2 H 

— 

5812-12 

CIV 

3 2 S-3 2 P m 

1-1 

5820-14 

He II 

5 2 G-3A 2 H 

— 

5828-64 

Hell 

5 2 G-33 2 H 

— 

5836-50 

Hell 

5 2 G-32 2 H 

0-3: 

5847-14 

Hell 

5 2 G-3\ 2 H 

— 

5858-33 

Hell 

5 2 G-3<flH 

— 

5862-341 
5864-81 J 

[MnV] 

4 ^7/2 _2 07/2 

— 

5867-82 

Hell 

5 2 G-19 2 H 

— 

5875-63 

He I 

2 3 P-3 3 D 

24 

5882-35 

Hell 

5 2 G-28 2 N 

— 

5885-90 

— 

— 

— 

5890-98 

[MnV] 

4 i r 9/ 2 - 2 09/2 

— 

589401 

[MnV 1] 

3 F 4 - 3 P 2 

— 

5896-87 

Hell 

5 2 G-21 2 H 

— 

5913-52 

Hell 

5 2 G-26 2 H 

— 

5932*22 

Hell 

5 2 G-25 2 H 

0-8 

595300 

Hell 

5 2 G-2A 2 H 

0-9 

5977-05 

Hell 

5 2 G-23 2 H 

0-7 

6004-81 

Hell 

5 2 G-22 2 H 

1-2 

6037-16 

Hell 

5 2 G-2\ 2 H 

H 

6074-30 

Hell 

5 2 G-20 2 H 

Mt 

6086-88 

[CaV] 

2P\- l D \ 

2-5 


[FeV H] 

3F 3 - ! Z) J 

6101-76 

[KIV] 

iPr-'D 

2*5 

6118*31 

Hell 

5 2 G-\9 2 H 

Mt 

6151-43 

— 

— 

— ■ 

6166-22 

[MnV] 

4 Fh2~ 4 P 5/2 


6170-73 

He H 

5 2 G-18 2 H 

6218-641 

6221 -04 J 

[MnV] 

4 Fm- 4 P 1/2 

— 
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Table III : 1 — continued 


* 

Element 

Origin 

I 

6228*41 

[KVI] 

2 P 2 -W 

'j 

6233*80 

He II 

5 2 G-\1 2 H 

0-9/ °' 9 * 

6300*31 

tOI] 

2 P 2 -'D 

20 

6312*10 

[SHI] 


16 

6347*54 

Sill 

4 2 5-4 2 / > 3 /2 

— 

6363*82 

[O I] 


10 

6371*34 

Si n 

4 2 S-4 2 P 1/2 

0*3* 

6393*62 

[MnV] 

4 ^9/2“ 4 ^5/2 

— 

6406*53 

He II 

5 2 G-15 2 iT 

0*8 

6435*11 

MV] 

2 Py- 2 Z> 

5*2 

6518*34 

[MnVl] 

2 F 2 ~ l D 

— 

6527*31 

Hell 

5 2 G-14 2 7/ 

0*8 :t 

6548 09 

[ATI] 

2 Py- X D 

80] 

6560*24 

Hell 

&F-&G 

— 750J 

6562*90 

HI 

2 2 P-3 2 D 

650. 

6583*36 

[MI] 

'Pz-'D 

240 

6598-76 

[FeVll] 

2 f a - 1 o 

— 

6678*16 

He I 

2 1 P-3 l D 

10 

6716*52 

[SII] 

4 s^d SI2 

5*4 

6730*74 

ISU] 

4 s-*d 3I2 

7*5 

6890*80 

Hell 

S 2 G-\2 2 H 

2*1 

7005*67 

IAV) 

2 P 2 -'D 

14 

7065*31 

He I 

2 2 P-PS 

20 

7135*78 

Will] 

2 P 2 -'D 

56 

7170*62 

WIV] 

2 D i2 - 2 P 3/2 

1;} 4-9t 

7177*77 

Hell 

5 2 G-1 \ 2 H 

7237*26 

WIV] 

2 D 5I2 -2P 3I2 

2*6 

7262*77 

WIV] 

1/2 

3*1 

7281*32 

7319*92 

7330*19 

He I 

[On] 

ion] 

2 i P-3 1 S 

2 Ds ir*P 

2 D vr lP 

2*t 

} 77 

7530*54 

[C/IV] 

2 P x - l D 

J 1*4 

7592*79 

He II 

5 2 G-\(fiH 

>1’2§ 

7726*51 

[SI] 

1D-'S 


7751*04 

Will] 

2 Pi-'D 

20 

8045*58 

[C/IV] 

2 P 2 -'D 

5*3 

8196*61 

— 

— 

2*0 

8236*64 

Hell 

5 2 G-9 2 H 

5*2 

8502*5 

HI 

3 2 D-16 2 F 

0*6 

8545*53 

HI 

3 2 ZM5 2 F 

0*8 

8598*35 

HI 

3 2 D-\A 2 F 

2*6 

8665*0 

HI 

3 2 D-13 2 F 

2*7 

8750*5 

HI 

3 2 D-\2 2 F 

3*1 

8862*8 

HI 

3 2 D-\\ 2 F 

3*5 

9014*9 

HI 

3 2 D-10 2 F 

5*5 

9069 

ISW] 

3P'- 1 D 2 

40: 


Notes To Table III : 1 

* When the lines are not resolved on the tracings of high dispersion plates, the allocation 
of relative intensities is very rough, 
t Intensity interpolated from tracing of high dispersion plate. 

t Intensity of 6548*09 estimated by comparison with 6583*26 on the basis of theoretical 
A-values. 

§ In atmospheric absorption band. 
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These intensities are uncorrected for space absorption. In order to allow for the effects 
of interstellar extinction the following corrections have been deduced from a comparison of 
observed and predicted Balmer decrements (cf. Chapter 4). 

Correction A log / to be added to the logarithms of the line intensities to allow for space 

absorption. 


23200 

+0*53 

24000 

+0*27 


+0*02 

25400 

-013 

26500 

-0*37 

3400 

+0*45 

4200 

+0*20 

4861 

000 

5600 

-0*17 

7000 

-0*47 






-0*04 

5800 

-0*21 

7500 

-0*57 

3800 

+0*33 

4600 

+0-08 

5200 

-0*08 

6000 

-0*26 

8000 

-0*66 


These corrections should be applied to the observed line intensities when they are used, for 
example, for theoretical discussions. 


Attempts to classify the gaseous nebulae, particularly the planetaries, on 
the basis of their spectra have been attempted by a number of workers. 
The earliest classification was that proposed by Miss Cannon in the Henry 
Draper catalogue. 136 ’ She used the 4686 line as her principal criterion and 
since this line is conspicuous in class O stars, she placed spectra in which 
this line was strong in the later divisions near class O. She employed low 
dispersion, small-scale spectra. The Lick work showed this classification 
to be inadequate.' 30) Later, Miss Payne regarded the O stars and nebulae 
as constituting parallel sequences and arranged the nebulae in a sequence 
from PI, characterized by a strong 4686, e.g. NGC 2440, to P10, charac- 
terized by a continuous spectrum of reflected starlight.' 37 ’ Her classifica- 
tion runs in the same order as that suggested by Bowen.' 38 ’ 

Page' 39 ’ has classified the spectra of the planetary nebulae according to 
their excitation on a scale from 1 to 8. For low excitations he used the 
ratio 23727 [Oil] 4959 [OIII], and for high excitations the ratio 4686 
(Hell)/ H ft. Extended objects of low surface brightness present a special 
problem. They often show strong 24686 simultaneously with strong [OH], 
Whenever this is the case, the [Oil] usually is concentrated in the outer 
regions of the nebula and 4686 in the inner regions. For such objects Page 
selected the 24686/77/? criterion and added the designation “pec” to the 
excitation class. 

Since photometric measures of the line intensities are now available for 
many planetary nebulae, a somewhat more refined classification scheme is 
practicable. In the lowest excitation nebulae, the (Ni+N 2 )IHf} ratio may 
be used to supplement the (3727)/(A r 1 +jV 2 ) ratio. To differentiate between 
nebulae of the highest excitation the [NeV]jHf) ratio or the [i\feV]/[MeIII] 
ratio is useful. The application of these various criteria to a group of 
nebulae of different excitation is illustrated in Table III : 2. Our proposed 
system of classification differs from that of Page in that ten classes are 
employed and different quantitative criteria are used. Excitation class 1 
is reserved for these nebulae that do not show the [OIII] lines. If 24686 is 
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not present the nebula is to be placed in classes 1-5, depending on the 
3727/4959 or (5007+4959)/4861 ratio. Class 6 refers to objects that show 
24686. but not [NeV]. If [NeV] is present, we use the ratios [NeV]jH(i and 
[AWJ/3869, which are more sensitive than the 4686/77/3 criterion. 


Table III : 2 


Classification of Planetary Nebulae on Basis of Excitation Level of Spectrum 


CRITERION 

Anon 
IS 1 15 m 

IC 

418 

IC 

2149 

IC 

4634 

NGC 

7026 

J 

900 

NGC 

6309 

IC 

2165 

Anon 
21 k 31 m 

(Nl +1*2)/ HP 

0-21 

1*9 

5-5 

10*6 

12*4 

16*7 

14*1 

18*1 

10*4 

3727/4959 

32 

3*1 

0*20 

0*03 

0*04 

003 

0*03 

0*02 

004 

4686/i?jS 

— 

— 

— 

— 

00*13 

0*47 

0*77 

0-6 

0*9 

[NeV]/ HP 

— 

— 

— 

• — 

— 

0*28 

0*5 

0*8 

2*4 

[NeV ]/ 3869 

■ — 

— 


' — 

. — 

0*38 

0*5 

0*95 

3*8 

Excitation class 

2 

3 

4 

5 

6 

7 

8 

9 

10 


The spectral characteristics of planetary nebulae of low surface bright- 
ness have been studied particularly by R. Minkowski,' 40> who used a slit 
spectrograph with a dispersion of 500 A. /mm. at Hy and estimated the line 
intensities by comparing the spectra of these objects with nebulae in which 
the relative line intensities had been measured. In a number of nebulae 
the Balmer decrement (relative intensities of the Balmer lines) was very 
steep because of space reddening; the most strongly affected objects being 
planetaries of moderate intrinsic surface brightness. The objects with the 
lowest surface brightnesses seem to be large, relatively near by, intrinsically 
faint planetaries. Minkowski found a number of striking differences be- 
tween the spectra of planetaries of low and of high surface brightness. The 
faint nebulae often show spectra in which 23727 is stronger than ///? and 
24686 of Hell is prominent, a phenomena which is rather rare among 
nebulae of high surface brightness. If the seventy-one nebulae for which 
good spectroscopic data are available are grouped according to surface 
brightness as follows: (I) Curtis relative exposure e^l; (II) 1 <e>15; and 
(III) e<15; only 6 and 12% of the nebulae in group I show strong 23727 
and 24686, respectively, while 1 1 and 26 % of those in group II and 42 and 
26 % of those in group III show these lines with prominence. The tempera- 
tures of the nuclear stars, as computed by the Zanstra theory (cf. Chapter VI), 
are higher for the nebulae of low surface brightness showing strong 23727 
than they are for those objects which show strong 24686. Minkowski 
explains this anomalous result by suggesting that in these objects the 
nebular shells are probably thin and the absorption of the nuclear radia- 
tion is incomplete so that the conditions of Zanstra’s theory are not 
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fulfilled. Furthermore, in the planetaries in which 24686 is strong, this 
line extends through the nebula just as the hydrogen lines do. Probably 
the temperatures of the nuclei showing 24686 are really very high. In 
Chapter VII we consider the problem of stratification in nebulae and 
discuss some of these matters in more detail. 

Studies of additional nebulae of low surface brightness have been made 
by the writer on slit spectrograms made available to him by N. U. Mayall 
of the Lick Observatory/ 411 The spectra of planetaries of similar appear- 
ance often closely resemble one another. Thus the irregular disk objects 
NGC 6772, 7139, and 7048 show similar spectra with a 24686 line of 
moderate intensity confined to the central regions and an intense 23727 
[Oil] in the outer strata. The spectra of the two diffuse appearing, low 
excitation, irregular nebulae NGC 7635 and IC 1470 resemble that of the 
small bright planetary IC 418, i.e. strong 23727, prominent Balmer series, 
and moderately strong green nebular lines. They closely approach the 
level of excitation of certain of the diffuse galactic nebulae in our own and 
other galaxies. In structure, surface brightness, and spectra, NGC 7635 
and IC 1470 simulate the diffuse galactic nebulae. 

In addition to the descriptive studies of the nebular spectra which cata- 
logue the observed emission lines it is necessary to have quantitative 
measures of the intensities of the observed emission lines. As mentioned 
in Chapter II, the description of the intensity of an emission line in a 
gaseous nebula is not necessarily simple. One should specify the surface 
brightness in ergs/cm. 2 /sec. at a fixed point in the monochromatic nebular 
image, and give the isophotic contour of the image. Such detailed informa- 
tion is rarely available. Usually our data consist of measurements of the 
relative intensities of the nebular lines (referred to HP as 10, for example). 
Sometimes the relative intensities are measured on slitless spectrograms or 
objective prism plates, and refer to intensities integrated over the entire 
nebular image. Other studies may involve slit spectrograms and give the 
relative intensities at some fixed point in the nebular image. 

The general spectrophotometric procedures have been described in 
Chapter II, and we shall give here a description of some of the studies that 
have been made for the planetary nebulae. The earliest spectrophoto- 
metric work was done visually. Photographic spectrophotometry was 
undertaken by L. Berman 1421 at the Lick Observatory and by H. H. 
Plaskett at Victoria. 1431 Plaskett employed a wedge method of photometry 
with a calibrated carbon arc as a “standard lamp” to measure the inten- 
sities of a few of the brighter lines between Ha and 24000 in six planetaries. 
Berman measured the isophotal contours and relative integrated bright- 
nesses of monochromatic nebular images registered on slitless spectro- 
grams obtained with the quartz spectrograph at the Crossley reflector. He 
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standardized his plates with a spot sensitometer. To correct for the wave- 
length variation of plate sensitivity, spectrographic transmission, etc., 
Berman compared the energy distribution in the sun with that of 16 Pegasi 
and used the standard star merely as an intermediary in reducing the 
nebular intensities. His paper gives the relative intensities of the strongest 
lines for the five nebulae NGC 6543, 6826, 6572, 7009, and 7027. These 
data were supplemented later by observations of other nebulae. 

One of the most extensive spectrophotometric programmes on the 
planetary nebulae was that carried out at the McDonald Observatory by 
Thornton Page, <39> who secured some two hundred calibrated spectra of 
fifty-eight planetaries with the Cassegrain spectrograph at the 82-in. 
reflector. He employed an/1 Schmidt camera and quartz spectrograph, 
giving a dispersion of 360 A./mm. at Hd and also an /2 camera of twice 
this dispersion; his spectra extended, in good definition to 23100 A. Page 
observed with a wide slit, equivalent to about 50 A. on the plate, thereby 
combining to some extent the advantages of the slit and slitless spectro- 
graph. The overlapping of lines was somewhat reduced. Photometric 
calibration was provided by a wedge and rotating sectors, while for com- 
parison stars he used the objects observed in the spectrophotometric 
programme of Barbier and Chalonge. (44) Page photographed these stan- 
dard stars at the same altitudes as the nebulae so as to reduce errors 
arising from atmospheric reddening to a second-order effect. Since the 
stars were very much brighter than the nebulae, he employed a Lucite 
plate over the slit as a diffusing screen and ran the star out of focus on 
the slit. 

Page was primarily concerned with the continuous spectra of the 
planetaries (see p. 71). His plates, however, should also be useful for the 
measurement of the intensities of the stronger lines. 

Some years ago the present writer, then at the University of California, 
made a spectrophotometric study of forty-four planetary nebulae with the 
Crossley reflector. (45) These data supplemented an earlier study (1938-9) 
of eleven planetaries which included objects of low excitation such as 
NGC 40 or IC 418, objects of intermediate excitation such as NGC 6826 
or NGC 6543, objects of high excitation such as NGC 7662, and also 
stellar planetaries such as IC 4997. The earlier programme involved the 
determination of the relative total intensities of the nebular fines. In 
the second series, relative total intensities were given only for the stellar 
planetaries. For the other objects, the intensities measured at a particular 
point (or sometimes two or more points in the nebula) are usually tabu- 
lated. A spot sensitometer and filters plus widened exposures on a suitable 
comparison star with the mirror diaphragmed provided the photometric 
calibration. 
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In the 1943-5 programme emphasis was first placed on the nebulae 
studied by Wyse: NGC 2165, 2440, 6741, and IC 5217 (which had not 
been observed in the earlier study) in order to provide data on the line 
intensities in the ultra-violet. Secondly, there were added a number of 
objects of moderate surface brightness that show interesting structural 
details. Finally, the programme included a number of stellar nebulae of 
interest because of their high surface brightnesses, central stars, and the 
problem of the Balmer decrement. Of the fifty-five planetaries included in 
the entire study, thirty-seven have also been observed by Page, five by 
Minkowski, and a few have also been observed by Stoy. 

These Lick programmes give the most extensive available spectrophoto- 
metric data on the brighter lines in the planetaries. The weaker lines are 
measured with much greater difficulty, and often appear to have been 
estimated too weak on slitless spectrograms because of the difficulty in 
estimating the continuous background. In particular, the intensities of the 
weak lines are all too small in the 1938-9 series. At the other extreme, 
the measurement of the relative intensities of the green nebular lines is 
often difficult because they are so very bright. Measurements of the fainter 
planetaries with a slitless spectrograph is troublesome because of the effects 
of the background sky fog which does not have the same colour as the 
spectral line under consideration. 

Andrillat ,46) has measured the relative intensities of N x +N 2 and A4363 
in a number of planetaries in order to estimate electron temperatures. He 
does not give the details of his observations, so it is not possible to make 
a critical comparison with the results of other observers. The published 
electron temperatures indicate a somewhat lower (A 1 +A 2 )/4363 ratio than 
that found by other observers for many planetaries. 

Photo-electric measures of the relative intensities of some of the 
stronger lines in the brighter planetary nebulae have been undertaken by 
several observers (see Section 9 of Chapter II). These observations of 
the (Ni+N 2 )IHfi intensity ratio are in excellent agreement with one 
another and substantiate the photographic measures published by the 
writer. Except for NGC 6818 and 1535, for which the photographic 
results were based on a single plate apiece, the average error of the 
published (Ni+N 2 )IHj3 intensity ratios is about 12%. 

For theoretical studies of radiative and collisional processes in gaseous 
nebulae it is necessary to have photometric data on the weaker as well as 
on the stronger lines. The intensities of the weaker lines can be measured 
only with the aid of slit spectrographs equipped with fast cameras. It is 
desirable to set the slit on a pre-assigned position in the nebula and keep 
it there with the aid of a guide-star arrangement. 

With the aid of Cassegrain spectrographs at the 60-in. and 100-in. 
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telescopes of the Mt. Wilson Observatory, Minkowski and the writer 
observed a number of the brighter planetaries. The programme included 
the double-ring nebula NGC 7662, the complex-ring planetary NGC 2392, 
and the ring structures NGC 2022 and 1535. All of these objects are high 
excitation nebulae. To the list was added NGC 40, one of the lowest 
excitation planetaries. Miscellaneous observations of a number of other 
planetaries were also made. The calibration system of the 100-in. coude 
spectrograph provided the relation between blackening of the emulsion 
and light intensity as a function of wavelength. Vega, s Persei, and r\ Ursae 
Majoris, chosen from the spectrophotometric programmes of R. C. 
Williams,' 47 * Kienle and his associates, <48) and Barbier and Chalonge' 44 * 
served as comparison stars. 

The spectral range covered was from the Balmer limit to about 28800 
(the limit of sensitivity of the Eastman spectroscopic I-N emulsion). The 
spectrum of NGC 7027 was investigated in the same way by Bowen, 
Minkowski, and the writer, but the Mt. Wilson observations were supple- 
mented by higher dispersion plates secured at Palomar. 

Exposures ranging from a few seconds to 8 hours were required in order 
to compare lines of different intensity. A glance at Table III : 1 , which gives 
the preliminary results for NGC 7027, will show the very great intensity 
range involved. 

Relative intensities have been measured at two points in NGC 7027 and 
small differences are found. In NGC 1535, 2022, 2392, and 7662 it is 
necessary to place the nebular image in the slit so as to avoid light from 
the central star. Measurements in these objects are therefore confined to 
selected points in the bright inner and fainter outer rings. The difference 
in excitation between the inner and outer rings are clearly exhibited by the 
measured intensities. 

A comparison of the photometrically determined intensities and Wyse’s 
scale plate estimates shows that the scale of the Wyse system of intensities 
agrees with that found by Bowen, Minkowski, and the writer, although 
there appears to be a zero-point error in the visual region where Wyse’s 
zero-point was set by comparison with the Plaskett intensities. The 
Palomar plates add many lines that were not seen on the earlier spectro- 
grams. Recent photo-electric spectrophotometric measures by Code and 
Whitford at Mt. Wilson show an excellent agreement with the line 
intensities measured by Bowen, Minkowski, and the writer. 

The number of lines photographed in any nebula depends very critically 
upon its surface brightness. Weaker lines are observable only in the 
brighter objects. In the fainter ones the lines become lost against the back- 
ground of the night sky. Thus, relatively few lines could be measured in 
NGC 40 in spite of the long exposures employed. 
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Measurements of the continuous spectra of the planetary nebulae as well 
as of the emission-line spectra are of great interest. Unlike the line emission 
whose origin appears to be well established, the background continuum of 
the planetaries is not completely understood. The continuum at the head 
of the Balmer series, produced by the recapture of free electrons in the 
second level (cf. Section 5), is prominent in many nebulae. Measures of 
the intensity of a 20 A. interval of this Balmer continuum (with the contri- 
bution of the underlying continuum subtracted off) have been made by the 
writer for thirty planetaries. 

The most extensive study of the continuous spectra of the planetary 
nebulae is due to Page, who has published measurements of the intensity 
of this continuum in terms of that of Hd. He finds that on the average the 
nebulae of lower excitation have a stronger Balmer continuum (with 
respect to HS) than do the nebulae of high excitation. The general under- 
lying continuous emission also appears to be weaker in nebulae of high 
excitation than in those of low excitation. If the electron temperature is 
taken in the neighbourhood of 10,000° K., he found indications that the 
continuous Balmer emission was weaker than indicated by the theoretical 
calculations made by Cillie, ( 491 based upon the hypothesis of a pure re- 
combination spectrum with complete self-reversal of the Lyman lines. 
More recent work suggests that the intensity of the Balmer continuum is 
greater than Page or the writer found it to be. Page also measured the energy 
distribution in the Balmer continuum. If it is assumed that the underlying 
continuum has a constant intensity distribution with wavelength, the 
electron temperature may then be estimated. He found values in fair 
agreement with those suggested by Menzel, Hebb, and the writer, (50) but 
in view of the theoretical uncertainties involved no emphasis can be placed 
on the agreement. 

The general continuous spectrum of the planetary nebulae, which Page 
refers to as the visual continuum, has an integrated strength in the region 
A4400 to A5000 comparable with that of Hd. Page estimated that through- 
out the whole spectrum its intensity might be comparable with that of all 
the hydrogen lines. Some of it is certainly due to the smeared contributions 
from many faint lines, but it does not seem probable that all of it can be 
accounted for in this way. Page estimated that the intensity was roughly 
constant with wavelength. 

The difficulty with photometric observations of the nebular continuum 
secured with a wide slit is that the effects of the weaker lines cannot be 
taken into account properly. If a narrow slit is used, as did Minkowski 
and the writer, a spectrum of greater purity is obtained, but only the very 
brightest nebulae may be studied and the required exposures are much 
longer. The Mt. Wilson results for the continuous energy distribution 
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are not in agreement with those of Page, but further work will be necessary 
before fully trustworthy results will be forthcoming. From his photo- 
electric measures of selected planetaries Liller finds evidence that in at 
least some objects the intensity in the visual continuum as measured by 
Page is too high, by something of the order of 20%. 

We may summarize the present status of the spectroscopic data on the 
planetary nebulae somewhat as follows: the wavelengths, relative inten- 
sities for selected objects, and identifications of nearly all of the stronger 
lines have been established. Many weaker lines, not yet identified, un- 
doubtedly will be assigned to their correct atomic origins when term 
analyses of various atoms in higher stages of ionization are completed. 
The internal motions in the nebulae have been observed by Campbell and 
Moore and particularly by Olin Wilson. We discuss this work in 
Chapter VII. 

For a few nebulae, particularly NGC 7662 and NGC 2392, measures of 
isophotic contours in the stronger lines, the relative intensities of all the 
moderately strong lines at certain points in the nebular image, and 
measures of the surface brightness in the [GUI] lines are all available. If 
the distances of these objects were known, estimates of the emission 
per unit volume and the densities could be made. Discussions of the 
isophotic contours, structural features, and internal motions will be given 
in Chapter VII. We now turn our attention to the qualitative interpretation 
of the spectra of the nebulae. 

5. Interpretation of the Spectra of the Gaseous Nebulae 

Table III : 3 gives the wavelengths, identifications, and intensities of the 
stronger fines observed in the spectra of nine representative planetary 
nebulae. The objects are fisted roughly in order of the increasing intensity 
of the highest excitation fines (cf. Table III : 2). Notice that there is a great 
range in the relative intensities of the “forbidden” fines with respect to 
those of the Balmer series of hydrogen. Furthermore, the forbidden fine 
intensities show a great range among themselves. Consider first the small 
stellar planetary Anon 18 h 15 m . In this nebula A3 727 [Oil] is stronger than 
Hp, but the 5007 and 4959 fines of [OIII] are much weaker. The Balmer 
series is strong, [Weill] is missing, and [SII] is weak. Helium is represented 
by A4471. In IC 418 the [OIII] fines are stronger, while in IC 2149 [iVelll] 
puts in its appearance. In IC 4634, A3727 is much weaker than the green 
nebular lines of [OIII] which dominate the spectrum. In NGC 7026 the 
high excitation fines of Hell and [yflV] appear, while in J900, NGC 6309, 
IC 2165, and Anon 21 h 31 m the very high excitation [AW] fines appear. 
In these same nebulae there are also selected strong permitted fines 
of OIII. 
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Thus the planetaries exhibit a range of excitation from objects whose 
spectra are characterized by a strong Balmer series plus £3727 of [Oil] 
to others in which the hydrogen lines are relatively inconspicuous in 


Table III : 3 

Emission-line Intensities in Planetary Nebulae 


A 


EDEN 

Anon 

18 h 15 m 

IC 

418 

IC 

2149 

IC 

4634 

NGC 

7026 

J 

900 

NGC 

6309 

IC 

2165 

Anon 

21 h 31 m 

3132*86 


on 

. . 



_ _ 

_ 


3*1 


8*8 

3*5 

3187*74 


Hel 

— 

— 









0*8 


3203*10 


HeU 




. 





1*4 


1*9 

3*0 

3299*36 


om 

— 

— 


I 





0*7 

3312*30 


OIII 

— 







___ 

0*57 

. . 

1*0 

. 

3345*82 


[Ne\] 

— 

— 

— 

— 

— 

1*0 



2*2 

5*6 

3425*86 


[NeV] 

— 

— 

— 

— ' 

1 

1*8 

4*7 

6*0 

18*0 

3444*10 

3726*06 

> 

1 

ora 

— 

• — 

— 

— 

— 

1*7 

— 

2*2 

1*0 

3728*82 


[[OIII 

16 
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comparison with the intense forbidden lines of [OIII], [Mill], [MI], and 
[MV]. Our first question is: Why do the gaseous nebulae exhibit spectra 
of this type, and, second, why do they show conspicuous variations in 
excitation from one to another? Why are the forbidden lines so out- 
standingly strong and why do selected permitted lines of OIII appear, 
while other lines equally strong in the laboratory do not appear? 
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The planetary nebulae have no sources of energy of their own. The 
radiation they emit is borrowed from the stars embedded within them, and 
the fact that the nebulae are often visually brighter than the stars from 
which they derive their energy is a datum of considerable interest. The 
explanation of this observation is that the central stars are so very hot they 
radiate most of their energy in the far ultra-violet. This energy is absorbed 
in the surrounding gaseous envelope and degraded into radiations that fall 
in observable regions of the spectrum. 

The lines of hydrogen and helium and certain weak lines of ionized 
carbon and oxygen are produced by what is called th $ primary mechanism . 
High-frequency quanta from the central star are absorbed by atoms or 
ions in their ground-level and photo-ionization results. As these free 
electrons are recaptured by various ions a recombination emission 
spectrum is produced. 

Hydrogen, the most abundant of the elements composing the nebulae, 
will serve as a good illustration. Essentially all neutral hydrogen atoms 
are in the lowest level, so photo-ionization from the higher levels can be 
neglected entirely. The atom absorbs a quantum from beyond the Lyman 
limit and ejects the electron, which continues to wander about until it is 
recaptured. Although, in the nebulae, photo-ionizations take place only 
from the ground-level, recaptures may take place on any level. An impor- 
tant consequence of this circumstance is that if the electron is recaptured 
in the third or higher level, the atom may emit a line of the Balmer series 
as it returns to its ground-level. If it is recaptured on the second level 
directly, it will emit a quantum of the Balmer continuum which falls beyond 
the limit of the Balmer series at A3646. 

There is an important theorem, established independently by Zanstra^ 1 * 
and by Menzel, <52) to the effect that if the nebula is sufficiently thick each 
quantum emitted by the central star beyond the limit of the Lyman series 
will be degraded ultimately into a quantum of the Balmer series or conti- 
nuum and a Lyman a quantum. The argument goes as follows: Let us first 
define as ultra-violet quanta those corresponding to frequencies beyond the 
Lyman limit. Consider one of these stellar ultra-violet quanta absorbed 
by a hydrogen atom. The atom becomes ionized, and when the electron is 
recaptured by another hydrogen atom a new quantum or quanta are 
produced. If the electron is recaptured on the ground-level, a new ultra- 
violet quantum similar to the original is reborn. If it is recaptured on the 
third, fourth, or higher level, an infra-red quantum is created, and then, as 
the atom cascades to the ground-level, certain line quanta are emitted. If, 
for example, an atom cascades directly from the third level to the ground- 
level, a Lyman quantum will be emitted. If it goes from the third level 
to the second level and thence to the ground-level, an Ha and then a Lyman 
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a are emitted. The Ha and infra-red quanta escape immediately from the 
nebula, the Lya quantum is repeatedly absorbed and re-emitted, i.e. scat- 
tered, until it finally escapes from the nebula. The Ly(i quantum ultimately 
becomes broken down into an Ha and a Lya quantum. Every time a 
Balmer or infra-red (Paschen, Brackett, Pfund, etc.) quantum is created, it 
escapes from the nebula, whereas every ultra-violet quantum ultimately 
becomes degraded into a Lya quantum and Balmer quantum. Hence from 
a measurement of the intensities of all the Balmer emissions we obtain the 
number of Balmer quanta which will equal the number of quanta emitted 
by the central star beyond the limit of the Lyman series. In practice the 
number of ultra-violet quanta is compared with the number emitted at 
selected wavelengths in the spectrum of the central star. If the star radiates 
as a black body, an estimate of its temperature may be made. By this 
method (see Chapter VI) Zanstra found temperatures of the order of 
25,000° K.-100, 000° K. for the central stars of the planetaries. 

The formal theory of ionized helium is similar to that of hydrogen, and 
there is independent evidence that the Lya of /MI, A303, attains great 
strength in those nebulae where the Hell lines are prominent. 

The recombination lines of neutral helium are often strong in the 
planetary nebulae; quantitative analyses show that helium is the most 
abundant element after hydrogen. The high metastable 2 1 S and 2 3 S levels 
of helium produce some interesting effects as were first noted by Ambar- 
zumian. <53) As with hydrogen, nearly all neutral atoms find themselves in 
the ground-level and photo-ionizations take place from this level. Recap- 
tures may occur in either singlet or triplet terms. Since helium is in almost 
pure LS coupling, intercombination lines are forbidden. 

Atoms which find themselves in the high n x P terms may cascade directly 
to the ground l S term with the emission of quanta of the principal series. 
If they reach the 2 1 S 0 level, they find themselves in a metastable state which 
has a lifetime of about 1/7 sec. in the absence of collisional de-excitation. 
Atoms may escape from the 2 1 S level with the emission of two photons 
which escape from the nebula as part of the continuous radiation field (see 
p. 151, Chapter IV). A similar phenomenon occurs in hydrogen where the 
two-photon emission may contribute to the nebular continuum. In helium 
the first line of the principal series does not build up to a high intensity as 
does Lyman a. Consider, as an example, the l 1 1 S’-3 1 /’ transition. From 
3 l P the atom may return to 1 1 S, restoring the original quantum, or it may 
go to 3 3 S and thence to 2 IP and on to 2 3 S or PS, or it may go to 2 1 S 
directly. A VS-2'P quantum may be reabsorbed by an atom, which then 
goes to the 2'S metastable level. Quanta of the types 2 l S-3 l P, 2 1 S-3 3 P, 
and 2 1 P-3 1 S escape from the nebula without further reabsorptions unless 
the metastable level becomes very heavily populated. Thus quanta of the 
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l l S-n l P series become broken down into low-frequency quanta plus 
continuous radiation from the 2 1 S-1 1 S transition. 

The atoms which recapture electrons in triplet levels ultimately cascade 
to the 2 3 S level. Breit and Teller* 341 found that for atoms in this level, the 



Fig. LEI : 10. Energy Level Diagram of Helium. 

The energy is given in wave number units. The singlet and 
triplet levels are plotted separately. 


probability of a spontaneous emission of two photons is about a million 
times smaller than for atoms in the 2 1 S level, so that the 2 3 S level must 
be de-excited only by collisional processes. 

Ambarzumian regarded the 2 3 S level as strictly metastable so that the 
2 i S-2 i P 210,830 transition plays the role of Lyman a, and the 2 Z S-VP 
23889 line the role of Lyman p. Nebulae photographed in the light 
of 210,830 with a slitless spectrograph should appear as bright disks. 
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Unhappily He I 23889 is blended with H£ of hydrogen from which it 
cannot be separated. 

Quantitative predictions of the relative intensities of the helium lines for 
a nebula in pure radiative equilibrium were made by Goldberg.* 55 * He 
treated the 2 1 S and 2 3 S levels as strictly metastable, i.e. the two-photon 
transitions of the type 2 1 5-1 1 5 are ignored. Collisional effects were like- 
wise neglected. This theory predicts a very great weakening of the singlet 
lines with respect to the triplets. The observed weakening of the singlets 
is much less. For example, at an electron temperature of 10,000° K. and 
a central star temperature of 50,000° K., 1(4 1 43)/I(447 1) is predicted to be 
0-013, whereas the observed intensity ratio is 0-077 for NGC 7662. The 
discrepancy is probably to be explained in terms of collisional and radiative 
processes that Goldberg could not take into account. 

Encounters between electrons and atoms in metastable levels produce 
several effects. Super-elastic collisions may de-excite the 1 S and 3 S levels. 
Furthermore, inelastic collisions may excite atoms from the metastabie 
levels to the higher permitted ones. Excitations from the 3 S to higher 
singlet levels are more frequent than from the 3 S to higher triplet levels 
because at low electron velocities, exchange collisional transitions (i.e. 
singlets-triplets) are more likely than singlet to singlet or triplet to triplet 
excitations. If collisions are important in redistributing atoms among the 
highly excited levels of helium, the singlet levels will become more highly 
populated than would be predicted from the theory of pure recapture 
processes. Until the relevant collisional cross-sections and nebular densi- 
ties are known, precise predictions of the relative intensities of the singlet 
and triplet lines is not possible. A careful study of the role of collisional 
processes would be very much worth while. Also, a more detailed study 
of radiative processes would be fruitful; in particular the transfer of 
resonance helium radiation in the nebula ought to be investigated. The 
central star might also be of influence. If the radiation of this object is 
rich in resonance helium emission, the singlet levels could be excited by 
direct transitions from the 1 1 S term. 

Finally, it might be expected that changes in density throughout the 
nebula can produce marked changes in the populations of the helium levels 
and in the relative intensities of the spectral lines. That is, in the spectrum 
of helium, the effects of density fluctuations ought to be apparent in one 
stage of ionization, whereas for other elements density effects become 
evident usually only when more than one stage of ionization is studied. 

Carbon, like hydrogen and helium, is observed only by means of its 
recombination lines. Singly ionized carbon is represented only by 24267, 
which corresponds to the M 2 D-4f 2 F transition, while 24187 of CIII is also 
observed. Wyse found lines of CIV in a number of planetaries, indicating 
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that four-times ionized carbon atoms must exist in such objects as 
NGC 7662 and NGC 7027. Quantitative interpretations of the line 
intensities in terms of recombination theories is extremely difficult. 

The recombination spectrum of Oil, which Wyse observed to be espe- 
cially strong in NGC 7009, is of particular interest for the following 
reason. The intensities of these Oil lines will depend directly on the re- 
combination rate, and therefore on the concentration of OIII ions and 
electrons and on the electron temperature. Likewise, the intensity of the 
[OIII] lines will depend on these same quantities, although through different 
functional relationships. Hence, a comparison of the intensities of the Oil 
and [OIII] lines in NGC 7009 by means of the appropriate theoretical 
relationships should yield the same concentration of OIII ions. Some years 
ago Menzel and the writer,* 561 using the then available data on the colli- 
sional cross-sections and the estimated electron temperatures, found the 
OIII ion concentrations determined by these two methods to be in har- 
mony with one another. This calculation should be repeated with improved 
observational data and with better values of the electron density and 
temperature and of the basic physical parameters. 

Reference to Table III: 3 shows that in most planetary nebulae the 
strongest lines are not those of hydrogen and helium, but are the green lines 
now known to be due to [OIII], the ultra-violet [Oil] A3 727 lines, and other 
radiations that have never been observed in any terrestrial laboratory. For 
nearly three-quarters of a century after their discovery, these radiations 
defied all attempts at identification. It was suggested that they might be 
due to a hypothetical element, nebulium, which had not yet been isolated 
on the earth. It was also believed that this element had a small atomic 
weight. The advances of chemistry and physics, particularly the brilliant 
investigations of X-ray spectra by Moseley, showed that all the light 
elements were known and there was no place for this elusive element to 
which the mysterious radiations might be assigned. 

Spectral term analyses of the lighter atoms by I. S. Bowen <57> and by 
Boyce, Menzel, and Payne* 58) showed that the unidentified nebular radia- 
tions arose from transitions between terms of the same configuration, 
i.e. to transitions that were forbidden according to the ordinary selection 
rules for dipale radiation. Hence they were called forbidden lines. Perhaps 
the most common type of forbidden radiation, magnetic dipole radiation, 
is analogous to the radiation from a loop type of antenna, whereas ordi- 
nary radiation is analogous to the radiation from a vertical “dipole” 
antenna. <59> In Chapter V the identification of the [AfeV] lines by Edlen 
and Swings* 601 is given as an illustration of one of the procedures used for 
ions of high ionization. 

The forbidden lines of ATI, Oil, OIII, Atelll, NeN, Sll, Sill, AIN, etc.. 
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which are prominent in the gaseous nebulae arise from transitions between 
the various terms of the p 2 , p 3 , and p 4 configuration. In the ground 2 p 2 
configuration of MI, for example, the 3 P 0 , 3 P U and 3 P Z levels, respectively, 
are the lowest. The 1 D 2 term lies 1-89 e.v. above the ground 3 Pq level and 
the 'S 0 term is highest of all with an excitation potential of 4-04 e.v. above 
the ground-level. Transitions from the l D 2 level to the 3 P 2 and 3 Pi levels. 



FIg. 111:11. Transition Schemes for Typical Forbidden Lines in 
Gaseous Nebulae. 

The 6548, 6584 [ATI], 3868, 3967 [AfeUI], and 6730, 6717 [511] 
transitions are of the so-called nebular type. Transitions like 
5755 [Nil], 3343 [Neill], and 10284, 10317, 10336, 10370 [511] 
are of the auroral type, while 3071, 3063 [Nil] and 4068, 4076 
[511] are of the transauroral type. 

respectively, give the 26584 and 26548 lines which flank Ha. The 1 S 0 - 1 D 2 
transition gives a line at 25755. The p 4 configuration has the same terms 
as the p 2 configuration, but the 3 P term is inverted. The strongest of the 
[Mill] lines, 23868-74, corresponds to a transition from the 1 Z> 2 term to 
the ground 3 P 2 level. A p 3 configuration gives a ground 4 S 3/2 level with 
2 D and 2 P terms above it. Transitions between the two highest terms of 
the configuration are called auroral transitions, those between the middle 
term and the lowest term are referred to as nebular transitions, while jumps 
from the highest to the lowest term produce the so-called transauroral 
lines. l5S) Examples are illustrated in Fig. 11. 

The mechanism for the production of the forbidden lines must be vastly 
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different from that responsible for the permitted recombination lines of 
H and He. The observed emissions are produced by downward transitions 
from the higher metastable levels of the ground configuration. Were these 
levels populated by recombination, i.e. by the ions capturing electrons 
directly in these metastable levels, there would also be many recaptures in 
higher normal levels and the characteristic recombination lines of OIII, 
MI, etc., should be strong. Actually, the recombination lines, when 
observed at all, are extremely weak. With these considerations in mind, 
Bowen 161 ’ pointed out that electrons which had been photo-electrically 
ejected from hydrogen and helium atoms could collide with ions of 
nitrogen, oxygen, neon, sulphur, etc., in their ground terms and excite 
them to metastable terms, lying but a few volts above the ground term. 
As the ions returned from these metastable levels to lower levels with the 


emission of energy, they radiated the so-called forbidden lines. All subse- 
quent work on forbidden lines in gaseous nebulae has substantiated 
Bowen’s explanation. 

The forbidden lines dominate the spectra of the planetary nebulae 
because the normal or “permitted” lines of these same ions are so hard 
to produce under conditions existing there. In the spark or glow discharge 
the intensity of the permitted lines and continuous spectra vastly over- 
whelms the weak radiations of the forbidden lines. In the gaseous nebulae, 
on the other hand, there are no fast electrons capable of exciting the higher 
configurations which lie approximately 15-30 e.v. above the ground con- 
figuration. Hence the normal permitted lines cannot be collisionally excited 
in the nebulae. On the other hand, at electron temperatures from 10,000° K. 
to 25,000° K. there are sufficient electrons with energy sufficient to excite the 
metastable levels. Although the total emission of energy per unit volume is 
very small, the vast extent of the nebula permits its surface brightness in the 
forbidden radiation to build up to an amount which can be easily detected. 

Nevertheless, the nebula is almost completely transparent to the for- 
bidden radiation as may be shown by calculating its optical thickness in 
the line. The average absorption coefficient of an ion over the Doppler 


profile of the line will be 


f 1 

«*= — , 

me Av 


(i) 


where e and m are the charge and mass of the electron, c is the velocity 
of light and Av is the effective half-width of the line in frequency units as 


determined by the random kinetic motions of the atoms. We assume there 
is no large-scale turbulent or mass motion in the nebula. Thus the 
minimum value of Av will be <62> 



( 2 ) 
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where /j. is the molecular weight of the ion in question. The gas kinetic 
temperature is equated to the electron temperature, as the momentum 
exchange between ions and electrons will quickly lead to an equipartition 
of energy. If we consider an 0 ++ ion and an electron temperature of 
10,000° K., dv~l-08 x 10 10 . The Ladenburg / or oscillator strength is 
related to the Einstein coefficient of spontaneous emission for the transition 
involved by the well-known expression* 621 


/= 


m n me 3 
m„’ 8 n 2 e 2 v 2 


Ann' , 


( 3 ) 


where w„ and m n > are the statistical weights of the upper and lower levels, 
respectively, and v is the frequency of the line. Putting in numerical values 
for the strong A5007 [OIII] line which corresponds to the transition 
p 21 D 2 —p 23 P 2 , i-e. v3 n '=(2J+l)=m„’=5, A( 3 P 2 — l D 2 ) =0021, together 
with the numerical values of the other factors of the equation, we find 
f—1 9 x 10 -11 . Then <5=1-93 x 10 -22 . 

If the total thickness of the nebular shell D is 10 17 cm. and the number 
of atoms in the 3 P 2 level of 0 ++ is 1/cm. 3 , we find for the total optical 
thickness t 0 in the strongest of the green nebular lines, 

r 0 =NaD~2 x 10 -5 , ... (4) 

so that the chance of reabsorption of a given quantum of 25007 is utterly 
negligible. 

This conclusion may be easily verified by taking the observed surface 
brightness in the green nebular lines S ([OIII]), as measured, for example, 
by Liller, and a minimum value of AX as estimated from T, and comparing 
it with Bx(T,) AX, where B*(T t ) is the Planckian function for a temperature T t . 

Quantitative considerations concerning the production of forbidden 
lines in gaseous nebulae are given in Chapter V. 

The far ultra-violet spectra of high excitation planetaries (cf. Table III : 3) 
contain not only the prominent [/VeV] and Hell 3203 lines, but also 
certain permitted lines of doubly ionized oxygen. The most remarkable 
characteristic of these 0III lines is that they represent a highly selected 
group of transitions. Other lines of the 0111 spectrum that are even 
stronger in laboratory spectra or in the high excitation Wolf-Rayet stars 
are completely missing. 

The OIII lines observed in the planetaries are confined to transitions 
that would be produced by an initial excitation of the 2p3d 3 P 2 level with 
subsequent cascade to the 3 P 2 ,i and 3 S 1 levels of the 2p3p configuration 
and to the 3 P level of the 2p3s configuration. 

The explanation for the selective excitation of this particular atomic level 
was given by Bowen.* 63 3 He noticed the existence of a very close coincidence 
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between the frequencies of the Lyman a line of He II (ls 2 S-2p 2 P°) and 
the resonance 2p 2 3 P 2 -2p3d 3 P 2 ° transition of <9111. The “fractional multi- 
plets” of <9111 occur only in nebulae with strong He II recombination 
lines. In the same way as the quanta beyond the limit of the Lyman series 
of hydrogen are degraded ultimately into quanta of Lya and Balmer 
quanta, so are the quanta beyond the limit of the Lyman series of ionized 
helium ultimately degraded into the 2303-780 line of ionized helium. In 
a nebula surrounding a high-temperature star a considerable energy den- 
sity in this radiation may be built up with the result that doubly ionized 
oxygen atoms in the 2 p 2 3 P 2 level are readily excited to the 2p3d 3 P 2 ° level. 
The wavelength of this transition, 2303-799, does not quite coincide with 
that of the helium line, but Doppler shifts produced by mass motion 
within the nebula will bring the two frequencies into coincidence for many 
<9111 atoms in the nebula. Other levels of the 2p3d 3 P term are not excited 
because the wavelengths do not coincide. <64) 

Once in the 2p3d 3 P 2 level the atom will most likely return to the ground- 
levels, but there is a finite probability that it will cascade successively to 
the 2p3p and 2p3s configurations with the emission of the fractional multi- 
plets. The observed transitions are depicted in Fig. 12. Jumps to levels in 
the 2p3p configuration give the 23133, 3429, and 3444 lines. Transitions 
from the 3 S and from 2p3p 3 P 2 levels to the 2p3s 3 P term account for most 
of the observed lines. The 3760 fine, which arises from the 2p3p 3 D 3 level, 
is connected with the 2p3d 3 P 2 term by the unobservable 22836-35 line. 

A further astonishing coincidence is provided by the 2374-436 
(2p3s 3 P 1 °-2p 2 3 P 2 ) transition, one of the end-products of the fluorescent 
cycle in <9111. This line coincides closely in wavelength with the resonance 
2p 3 P 3 i 2 —3d 2 D 3 j 2 2374-442 line of 1VHI. Thus a somewhat similar fluorescent 
cycle involving the excitation of certain fractional multiplets in JVIII is 
initiated. 

Bowen’s suggestion gives an excellent qualitative explanation of the 
observations. Menzel and the writer have subjected it to a quantitative 
test.' 65 ’ A few obvious consistency checks are to be noted. The number 
of quanta in 23133 should equal the total number of quanta in the three 
lines 23299, 23312, and 23341. In a more sophisticated vein it is possible 
to write down the equations of statistical equilibrium for each level involved 
in the process, e.g. we equate the number of atoms entering, say, 2p3p 3 P 2 
by cascade from 2p3d 3 P 2 to the number leaving by cascade. A series of 
equations for a steady state may be obtained from which it is possible to 
predict the relative intensities of all the lines in the fluorescent <9111 
mechanism. The predicted relative intensities of the <9111 lines then may 
be compared with the observed relative intensities to provide a check on 
the theory. To within the rather large limits of error of the measured 
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intensities, theory and observation appear to be in agreement. The con- 
centration of atoms in the 2p3d 3 P 2 level in a typical planetary amounts to 
something of the order of 10~ 14 to 10 -15 atoms/cm. 3 . This is a very small 
concentration compared with that in the ground-levels (1/cm. 3 ), or the 
numbers in the metastable 1 D 2 level (10 _3 /cm. 3 ). The strongest ultra- 
violet OIII lines have intensities of the order of a tenth that of the green 



Fig. Ill : 12. Fractional Multiplets of OIII in the Bowen Fluorescent 

Mechanism. 

This partial energy level diagram shows only the levels of the 3 s, 

3 p, and 3d configurations that are involved in the cascade of an ion 
from the 2p3d 2 P 2 level. The ground configuration and transitions 
thereto are not depicted. 

nebular lines. The ratio of transition probabilities for the lines arising 
from the two kinds of levels is of the order of 10 10 . Hence the speed of 
“cycling” of an atom through the fluorescent mechanism is vastly greater 
than for a forbidden line. 

Detailed calculation shows that in an optically thick nebula in which 
helium is doubly ionized in the inner layers, the intensity of the radiation 
in OIII A303-80 is built up a hundred- or a thousand-fold over that radiated 
by the central star. Thus it is easy to understand why permitted lines of 
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OIII, other than those originating by cascade from 2p‘5d i P 1 are not 
observed. 

The Lyman a radiation of ionized helium escaping from the He ++ shell 
tends to be used up in the excitation of OIII since the 0 ++ shell is much 
larger than the He ++ shell. Thus the slitless images of OIII should be 
slightly larger than those of He II; detailed computation indicates they 
should be of the order of 3-5 % larger — a prediction which also appears 
to be in agreement with the observations. 

The quantitative theory of the excitation of the Mil lines by the Bowen 
mechanism has been given by T. Hatanaka. <66) 

Shortley and Menzel pointed out that since the levels p 2 3 P 2 of OIII and 
p 2 P 3/ 2 of Mil from which the initial fluorescent excitation takes place are 
not the ground-levels of their respective terms, collisions must maintain 
an appreciable number of OIII and Mil ions in the appropriate levels. <67) 
The densities in the planetaries therefore must be much greater than in 
interstellar space, where T. L. Dunham found that the only observed inter- 
stellar absorption lines of ionized titanium are those arising from the 
lowest level of the lowest term. Density estimates based on the surface 
brightness in the hydrogen lines and continua and the dimensions of the 
planetaries indicate electron densities of the order of 10 3 to 10 4 /cm. 3 , as 
contrasted with densities of the order of 0-1 to 10/cm. 3 for typical regions 
of interstellar space. 

6. The Discovery of and Catalogues of Diffuse Galactic Nebulae 

Unlike the planetary nebulae which are all telescopic objects, two diffuse 
nebulae are visible to the unaided eye. Only one of these, the Orion nebula, 
is visible in northern latitudes. The i? Carina nebula discovered by Lacaille 
appears to have been variable in brightness as Herschel could not see it 
without a telescope in 1834-8, although it was bright in 1865-70, and later 
faded again although it is still faintly visible to the naked eye. 

Both the rj Carina and Orion nebulae were discovered telescopically. 
Until the time of Herschel the rate of discovery of galactic nebulae was 
relatively slow. Messier’s catalogue contained several, viz. Ml, 8, 16, 17, 
20, 42, 43, 45, 78. Systematic work by the Herschels contributed many 
more objects in both the northern and southern hemispheres. Other visual 
observers added many additional objects. (<58) The application of photo- 
graphy opened a new era in the study of nebulae. With a wide-angle lens, 
Barnard found sixty bright diffuse galactic nebulae and verified that some 
of the dark nebulae were faintly luminous. Max Wolf discovered sixteen 
objects by photographic methods. 

More recent investigations have emphasized the detection of nebulae of 
low surface brightness and the study of faint extensions of well-known 
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nebulae. In Chapter II we mentioned the use of narrow band-pass filters 
and the nebular spectrographs employed by Struve and his colleagues.* 69 ’ 

A catalogue of bright diffuse galactic nebulae known up to 1945 has 
been prepared by S. Cederblad. (70) His fist gives the positions, description, 
approximate dimensions, and estimated distances of both reflection and 
emission nebulae. The use of red-sensitive plates, filters to isolate Ha, 
and fast cameras have added greatly to the list of known nebulae. <71> 
Many of these were photographed with the 18-in. Schmidt telescope at 
Palomar through a red Plexiglas filter on a 103a-E emulsion. <72) Very 
recently S. Sharpless has prepared a catalogue of emission nebulosities 
photographed near the galactic plane with the 48-in. Schmidt. (73) His 
survey covers galactic longitudes 315° to 105° and galactic latitudes be- 
tween 1° and 5° on either side of the galactic equator. His catalogue gives 
the coordinates, angular diameters, forms (circular, elliptical, or irregular), 
structure (amorphous, filamentary, or intermediate), surface brightness on 
a scale of 3 and associated early type stars. Mention must also be made 
of the beautiful photographs obtained by G. A. Shajn and B. F. Hase, (74) 
who have given a catalogue with descriptions of many galactic nebulae. 
They have also discussed the orientations of many of the nebulous 
filaments. <75) 

The investigation of the ionized hydrogen, Hll, regions of extremely 
low surface brightness requires the use of either the nebular spectrograph 
or narrow band-pass filters. The Stromgren-Morgan programme for the 
study of these objects was briefly mentioned in Chapter II. S. Sharpless 
and D. Osterbrock used the Greenstein-Henyey wide-angle camera plus 
a Coming 2403 filter and Eastman 103a-F plates to isolate a spectral band 
300 A. wide centred on Ha to identify the nearest Hll regions of moderately 
low surface brightness. (76> Exposures taken with no filter enabled them 
to find the emission regions by a direct comparison. They identified the 
O and BO stars responsible for the excitation of the nebulosity, estimated 
the absorption from the colour measures of Stebbins and Whitford and 
the spectral classes by Morgan. Their catalogue gives for each nebulae 
the galactic coordinates, distance modulus, diameter and linear dimensions, 
together with the electron densities from the Stromgren theory (see 
Chapter VII, Section 1). They found two new nebulae, near t, Ophuichi, 
and near A Orionis. 

Emission nebulosities in external galaxies have been studied by a number 
of observers. We shall discuss them in Section 11. 

Studies of faint emission nebulae in the southern hemisphere have been 
made by B. J. Bok, M. V. Bester, and Campbell M. Wade, (77) and by 
Arthur Code. Bok, Bester, and Wade used a 3-in. Zeiss /1-5 lens with a 
Coming 2403 red filter and a Baird interference filter to isolate Ha. Code 
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used an interference filter and the Greenstein-Henyey camera. Dorrit 
Hoffleit has described the Ha emission regions between 250° and 265°, 
while Bok, Bester, and Wade give the galactic coordinates and descriptive 
remarks pertaining to sixteen Ha emission regions between galactic 
longitudes 265° and 355°. 

7. Dimensions and Descriptions of the Diffuse Galactic Nebulae 

Examination of photographs of typical diffuse galactic nebulae will 
convince anyone that the variety in form, dimensions, fine structure, and 
surface brightness in these objects would preclude any classification 
scheme. Many resemble nothing as closely as terrestrial clouds, but a 
meteorological classification scheme would not seem practical as due 
allowance could not easily be made for the illuminating stars. On the 
other hand, disk or ring-like structures such as the Rosette nebula described 
by Minkowski are occasionally found. Amorphous structures are fairly 
common, while the intermixture of fight and dark material in such objects 
as the Trifid, q Ophiuchi, and Messier 8 nebulae contribute to the complex 
appearance of these nebulae. 

Curtis simply spoke of the Great Diffuse nebulae and the planetaries. 
Hubble differentiated between dark and luminous diffuse nebulae and 
distinguished between emission and reflection objects among the second 
group. Cederblad decided that surface brightness, concentration and size 
were not useful criteria for classification, and based his classification 
scheme primarily on the relation of the nebula to stars and secondly on 
the general appearance of the object. <70) He divides the nebulae into three 
main groups: (a) nebulous clusters; ( b ) nebulae associated mainly with 
one (possibly multiple) star; and (c) nebulae having no definite relation- 
ship with stars. The appearance of the nebula then determines into what 
sub-class it is to be fitted. 

The classification of purely emission nebulae is somewhat less difficult. 
The simple system used by Sharpless has been mentioned. Bok and Wade 
proposed a classification based on shape, structural features, and surface 
brightness. The apparent or linear size of the nebula and the spectral class 
and luminosity of the exciting star do not enter in their classification 
scheme. Their Type I is of high surface brightness with a Stromgren 
emission measure of 10,000 or more, a diameter of 10-50 parsecs, and 
associated dark material (e.g. M8, M20, or the rj Carinae nebula). Type II 
is moderately faint, irregular and often filamentary in structure, while 
spherical emission structure and bright ring structures belong respectively 
to their Classes III and IV. 

The actual dimensions of diffuse gaseous nebulae show an enormous 
range. The thread-like filaments are often but a few hundred astronomical 



DISTANCES, DIMENSIONS, AND SPECTRA 87 

units in diameter, and some of the smaller emission nebulae are of the 
order of 0 05 parsec. At the other extreme stand objects such as NGC 604 
in the Triangulum galaxy with a diameter of about 140 parsecs ! 

8. The Distances and Galactic Distribution of Diffuse Nebulae 

Before many conclusions concerning their nature and origin may be 
drawn, it is necessary to know the distances of the diffuse gaseous nebulae. 
The problem is simplified by the fact that the diffuse nebulae all belong to 
the Type I population which is closely confined in the galactic plane to the 
spiral arms. The bright-line gaseous nebulae are associated with luminous 
O and B stars. The connexion is not as intimate as in the planetaries, 
where each nebula surrounds a particular central star. Rather, the 
material of the interstellar medium appears to be distributed in each spiral 
arm in a lumpy fashion. If a concentration of particles and gas finds itself 
in the neighbourhood of a hot star, it is likely to fluoresce and yield a 
bright-line spectrum. If no luminous, hot star is near by, the masses of 
small solid particles appear as dark lanes or clouds projected against the 
fields of yet more distant stars, e.g. the dark lanes in Taurus. 

A luminous O star can ionize a considerable volume of hydrogen gas in 
its neighbourhood, while a cluster of O and B stars as in Orion can produce 
a nebula of considerable surface brightness. Thus the determination of the 
distance of a given nebula usually involves the measurement of the distance 
of the associated high-temperature star. 

Reliable trigonometric parallaxes cannot be obtained for the O and B 
stars because most of them lie at distances such that the probable error of 
the parallax is much larger than the parallax itself. Parallaxes of fore- 
ground stars projected on the nebulae have sometimes been used to get 
a lower limit to the distance. 

The intensities of the interstellar lines have also been used to get dis- 
tances for the associated O and B stars. The method may give a rough 
idea of the distances but will yield large errors for individual stars. 

Since the B stars partake of galactic rotation, their distances may also 
be estimated from their radial velocities, V (referred to the average of the 
nearby stars), in accordance with the Oort relation, 

V=rA sin 2 (/— / 0 ) cos 2 b+K, . . (5) 

where r is the distance of the B star, / and b are its galactic longitude and 
latitude, / 0 is the longitude of the galactic centre, the A-term is supposed 
known, and A is the Oort constant which is usually poorly determined. 

The best method is that employed by W. W. Morgan* 781 to establish the 
scale of distances of the B stars. First, accurate spectral classes are estab- 
lished for each of the stars of interest and for the B stars in galactic 
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clusters. Then, from a comparison of all available galactic clusters con- 
taining O and B stars, the relative absolute magnitude of each spectral 
subdivision is established. The determination of the zero-point, e.g. the 
absolute magnitude of B3V-B5V stars may be accomplished from a 
statistical analysis of the u-components of proper motion of stars over 
a narrow range of actual distance, from proper-motion studies of aggre- 
gates such as the Scorpio-Centaurus cluster of B stars, or by the accurate 
determination of the parallax of some cluster which contains B stars. 

Once the intrinsic luminosities of the B stars are known, it is necessary 
only to classify the spectrum of the star on the Morgan-Keenan system 
to determine its intrinsic luminosity or absolute magnitude, M vis . The 
measurement of the apparent visual magnitude, then gives the 
distance modulus, y=m—M, from which the actual distance can be found 
if the correction for space absorption is known. The space absorption, 
A, in magnitudes is usually estimated from the colour excess, the difference 
between the intrinsic colour of the star which depends only on its spectral 
type and the observed colour which depends also on the space absorption. 
If the colour is measured photo-electrically on the Stebbins-Huffer- 
Whitford E { system with effective wavelengths 24260 and 24770, the ratio 
A w JEi is 6-1, according to the recent work of W. W. Morgan, D. Harris, 
and H. Johnson. 

From such studies Morgan and his associates were able to establish the 
distances of all the brighter B stars, and in particular those associated with 
emission nebulae and regions of ionized hydrogen. The climax of this 
investigation came with the identification by W. W. Morgan, S. Sharpless, 
and D. Osterbrock of the spiral arms of the galaxy in the neighbourhood 
of the sun. (79) The hydrogen emission regions and their associated B stars 
define parts of three spiral arms. The nearest arm extends from galactic 
longitude 40° to 190°, and at its closest point its centre lies about 
300 parsecs from the sun in the opposite direction from the galactic centre. 
The observed length of the arm is about 3000 parsecs and its overall width 
is probably in the neighbourhood of 600 parsecs. Included in this arm are 
the bright nebulosities near P Cygni, NGC 6871, the North America 
nebula, the I Persei nebulosity, the Orion nebulosity, the Rosette nebula 
in Monoceros surrounding NGC 2244, and the ionized hydrogen regions 
near 2 Orionis and S Monocerotis. Also included are the dark nebulosities 
in Taurus, Perseus and the great rift in the Milky Way. The southern Coal 
Sack and the Scorpio-Centaurus cluster lie on the inner side of the spiral 
arm. 

Morgan, Sharpless, and Osterbrock traced a second outer spiral arm 
from 70° to 140°. This arm includes NGC 7380, NGC 7635, and the 
double cluster in Perseus. It is parallel to the arm that includes the 
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sun, and is located about 2000 parsecs away from it in the anti-centre 
region. 

The blue supergiants with absolute visual magnitudes brighter than 
-4-0 also define the same structure. 

More recent work by Morgan, Whitford, and Code <80) on the distances 
of high-luminosity O-A stars identifies a total of twenty-seven large-scale 
groupings or aggregates. Seven of these aggregates, including Messier 8 
and M16, lie between galactic longitudes 311° and 346'. They define a 
spiral arm located between the sun and the galactic centre at a distance of 
about 1400 parsecs. Furthermore, the arm in which the sun is located 
appears to have a spur running off in the direction of the outer spiral arm; 
the branch point lies a few hundred parsecs from the sun. 

The dimensions and frequency of occurrence of the ionized hydrogen 
regions are comparable with those found by Baade in the Andromeda 
galaxy. < 8 11 Furthermore, the great aggregates of luminous O and B stars 
such as the Orion, Scorpio-Centaurus, and Perseus double cluster groups 
are concentrations in the arms similar to those observed in the Andromeda 
spiral. 

The distribution of the galactic nebulae reflect on the one hand the 
influence of interstellar absorption, and on the other the influence of the 
spiral structure. Many years ago Hubble found a zone of avoidance for 
galactic diffuse nebulae above b— 2°, and in the great rift of the Milky 
Way, <82) Sharpless* 731 found similar results from his studies of the 48-in. 
Schmidt plates. On the other hand, he points out that the scarcity of 
nebulae between longitudes 60° and 70° is real, since the number of 
apparently faint but intrinsically bright O and B stars in this region is 
appreciable. The inference is that along the more remote spiral arm of the 
galaxy, the interstellar hydrogen has a spotty distribution. Sharpless calls 
attention to the gradual decrease of the angular size of the nebulae from 
/=315° to /= 360°, which is in harmony with the suggestion of an inner 
spiral arm along which we are looking in the direction of Scutum. The 
diminishing sizes of the nebulae are merely an effect of perspective. 

The general features of the spiral arm structure are confirmed by observa- 
tions of the 21-cm. radio-frequency radiation. There appear to be some 
discrepancies, but some of these must arise from difficulties with the inter- 
pretation of the radio-frequency line profile data on the one hand and the 
corrections for space absorption in the distance determination of the B 
stars on the other. Detailed information on the dimensions, distances, and 
descriptions of individual diffuse nebulae may be found in the previously 
cited references. 

As an example of an association of a star cluster containing many early- 
type stars, bright nebulosity, and solid particles, we may mention Messier 8, 


90 GASEOUS NEBULAE 

the so-called “Lagoon nebula”, a=17 h 58 m ; d = -2A° 53' (1900). It con- 
sists of a bright diffuse nebula (NGC 6523) and an open cluster. Early 
descriptions of it were given by Messier and by the Herschels. (83) Photo- 
graphs of it have been published by Keeler, (84) Barnard, (85) H. D. Curtis, <86) 
Paraskevopoulos, ( 87) and by J. C. Duncan, (88) who described it as one of 
the most extraordinary objects in the sky. The spectrum has been described 
by Campbell and Moore (89) and by Hubble. (82) The latter attributed the 
source of the nebular emission to HD 164794, m= 6-9, spec. Oe5, and 
CPD-24° 6146, a BO star of 7-6 magnitude. Morgan, Whitford, and 
Code also list the hot stars HD 164906, B1 IV, and HD 165052, 07. 
Trumpler (90) determined the spectral classes for twenty-five stars brighter 
than 13*0 and estimated the distance of the cluster. Wallenquist <91) studied 
the relationship of the nebula and cluster and from the associated O stars 
as well as the B stars of the cluster he derived a distance modulus of 11-0, 
which would correspond to a distance of 1600 parsecs if there were no 
space absorption. Actually, the involved stars show a considerable range 
in colour-excess; some are heavily reddened, others are much less so. 
Morgan, Whitford, and Code give a distance of 1300 parsecs for the cluster 
and associated nebula. Wallenquist finds the cluster to consist mostly of 
B stars brighter than m pg = 11*5. Below this limit he finds an even distribu- 
tion of stars with no trace of any cluster. Above this limit there is a 
pronounced clustering corresponding to NGC 6530. Some of the cluster 
stars are hidden by the dark rift in the nebula. 

The longer diameter of the nebula (Cederblad, Sharpless) is about 90', 
which corresponds to a linear diameter of about 34 parsecs. It is much 
larger than the associated star cluster NGC 6530 for which Trumpler 
obtained an apparent diameter of 14'. 

The surface brightness, which has been measured by Boggess, places the 
Messier 8 nebula among the brightest galactic nebulae. Unfortunately, it 
is not conveniently placed for observers in the northern hemisphere. 
Boggess has also measured the isophotic contours. His Ha photographs 
show that, as observed in this wavelength region, the bulk of the radiation 
from the main body of the nebula as well as from the delicate outlying 
filaments must come from fla+[JVII]. The Messier 8 nebula is relatively 
dense as galactic nebulae go; it is similar in many respects to the nearby 
somewhat smaller Trifid nebula which shows even more conspicuous lanes. 
Radio-frequency radiation, presumably of thermal origin, has been detected 
from Messier 8 and several similar objects. 

9. The Spectra of the Diffuse Gaseous Nebulae 

The earliest spectroscopic observations of the diffuse gaseous nebulae 
were those by Sir William Huggins, (92) who observed the bright lines of 
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hydrogen and [OIII] in the central region of the Orion nebula. Shortly 
thereafter Lord Oxmantown <93> observed an extremely fqint continuous 
spectrum in Orion, which many people were inclined to attribute to faint 
stars. Later, Huggins <94) succeeded in photographing the spectrum of this 
object, and discovered the prominent A3726-29 radiations of [Oil]. In 
1886 Copeland (95> observed the 5876 line of He I in this nebula. Near the 
end of the century W. W. Campbell* 961 found variations in the (Ni+N 2 )IH(i 
ratio from one point to another in the Orion nebula, a phenomenon which 
had been noted earlier by Huggins. He observed a similar effect in the 
Trifid nebula. 

The spectrum of the Orion nebula has been studied in great detail by 
a number of observers. We have already mentioned the work of Wyse, 
who included this object in his survey of the spectra of gaseous nebulae 
and observed the largest number of spectral lines. The fine spectrum was 
also studied by Tcheng Mao-Lin and J. Dufay, <97) who give the wave- 
lengths, intensities, and origins of spectral lines in the interval A3700-A5000. 
Osterbrock has studied the variation of the A3726/A3729 radiation ratio 
in this nebula. (98) 

The continuous spectrum of the Orion nebula is partly produced by 
light scattered by particles and partly by recombination and other 
processes within the nebula itself. Greenstein <99) and Henyey used the 
nebular spectrograph of the McDonald Observatory to observe the Orion 
and the Pleiades nebulosities, and verified that both nebulae were bluer 
than the exciting stars. Later, Barbier (100) observed the continuous spec- 
trum of the Orion nebula with a quartz spectrograph, and compared the 
nebular energy distribution with that of nearby stars of known energy 
distribution. He found an energy distribution corresponding to a colour 
temperature of 10,300° K. in the ultra-violet beyond the Balmer limit. 
Later observations yielded a colour temperature of 23,500° K. for the 
energy distribution in the interval (A4550-6250). Subsequently, Green- 
stein ,101) used the two-prism quartz /I camera in the Cassegrain spectro- 
graph at the McDonald Observatory to make a spectrophotometric 
comparison of the energy distribution in the Orion nebula with that of 
0i Orionis C, whose colour temperature was based on photo-electric 
measures and photographic gradients. He found the nebular continuum 
to have a colour temperature of 1 2,000° K. on both sides of the Balmer 
limit and suggested that the nebula is optically thick (see Chapter VIII). 

It is of interest that O. C. Wilson* 1021 observed a sharp A3889 He I line of 
nebular origin superposed on the spectra of stars seen through the Orion 
nebula. Thus the population in the metastable 2 i S level must be appreciable. 

The spectra of other diffuse nebulae have been observed in less detail 
than that of Orion.* 821 In general, the diffuse gaseous nebulae show spectra 
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similar to low excitation planetaries such as IC 418. The Balmer lines are 
usually prominent and 11111 [f?II] is often quite strong. In some objects 
the green nebular lines of [OIII] are present, but often they are weak or 
missing) see Fig. 15, p. 96). 

The spectra of very faint emission nebulosities have been observed by 
Struve and Elvey. (103) These extended regions of low surface brightness 
show the Balmer lines, [Oil] LilTl, [OIII] A4959, 5007 and [Nil] A6548, 
6584. Their linear dimensions are often of the order of 40 parsecs 
(A Orionis patch) to 130 parsecs (Cygnus patch). The boundaries are often 
roughly circular in appearance with sharp outer boundaries. When [OIII] 
is observed, it is found in the centres of these regions and fades out 
gradually. A significant feature of these ionized hydrogen (MI) regions 
is that they tend to be associated with O stars, although they show but 
little concentration to individual early-type stars and clusters of such stars 
as do the bright galactic nebulae. Furthermore, the physical conditions of 
excitation vary from one part of the sky to another. For example, the 
[OII]/(//a+[MI]) ratio is large in the Canis-Major region and small in the 
summer Milky Way between Cepheus and Sagittarius. From the observed 
surface brightnesses of these nebulosities, Struve estimated the density to 
be of the order of 1-3 hydrogen ions/cm. 3 . 

The observations of Struve and Elvey were made with a very low disper- 
sion. The [MI] lines were blended with Ha, [<SII] A6731, 6717 were not 
found, while the Z) 3 line of helium A5876 was blended with the sodium lines 
in the airglow. T. L. Page (104> used the McDonald B spectrograph to 
separate the [MI] and Ha radiation; he verified that in typical emission 
regions the M/A6584 ratio ranges from about 2 to 10. 

Recently, Hugh M. Johnson, (105) at the Yerkes Observatory, has carried 
out a detailed survey of the spectra of emission nebulosities with the B 
spectrograph so adjusted as to isolate a band 7 A. wide and 12° of arc long 
in the sky. Spectra of a standard lamp and of a diffusing screen illuminated 
by a neon lamp with known intensity steps provided the photometric 
calibration. He corrected for atmospheric extinction, but did not correct 
for the interstellar absorption. In order to calibrate his intensities in terms 
of surface brightness expressed as Stromgren’s “emission measure”, he 
observed the central region of IC 405 for which Stromgren has published 
an emission measure of 7200. His data then could be reduced to yield 
numbers of hydrogen atoms per cm. 3 . The Johnson catalogue lists for 
each nebula the relative intensities of the observed lines, the emission 
measure, the dimensions of the nebula, and the illuminating stars. Johnson 
concludes that the extended HII regions are ionized by radiation from O 
stars. The distances of the O stars are not well known: hence the distances 
of the corresponding Hll regions are uncertain. 
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Struve and Elvey had noticed that the emission regions were confined 
closely to the galactic plane; none were observed at high galactic latitudes. 
Johnson found that every O star within 270 parsecs of the galactic plane 
was associated with an Hl\ emission, whereas the seven O stars more 
remote than this from the galactic plane had no associated emission at all. 
That is, the interstellar gas must be confined to a band 500 parsecs thick 
centred on the galactic plane. The O stars that acquire sufficient velocity 
to take them out of the plane to distances of the order of 300-700 parsecs 
drift into regions where there is no interstellar gas. 

Hugh Johnson also found the angular extents of the emission regions 
to be usually greater than those found by Ha photography by Shajn and 
Hase ,74) and by Sharpless and Osterbrock. <76) For example, Johnson finds 
an angular extent of 5-4° for NGC 1499, whereas Hase and Shajn find 
200' x 60' and Sharpless and Osterbrock get 2*4° x 0-8. There is a faint 
extension of the emission in which NGC 1499 appears as a dense cloud. 
In Monoceros, Minkowski found a disk of 80' diameter around the 
cluster NGC 2244, whereas Johnson finds the entire region of 5°x6° 
between NGC 2237 and NGC 2264 to be filled with emission. He suggests 
that the brighter photographic disk is a dense core in a rarer stratum 
rather than a sphere of ionized hydrogen in a much more extended medium 
of uniform density. 

The average value of the J/a/6584 ratio is 3-2, and there appears to be 
a tendency for the ratio to increase as the surface brightness in Ha increases. 
Johnson’s spectroscopic data pertain primarily to the visual region, 
although he gives intensity estimates for A3727. His I(Ha)II(H(i) ratio is 
very much larger than that found in the planetaries or that found by other 
observers for the Orion nebula. Further work on the spectra of emission 
nebulae is needed. 

10. The Illumination of Diffuse Galactic Nebulae 

The nature of the diffuse galactic nebulae was resolved only by spectro- 
scopic observations and the establishment of a distance scale. Maupertius 
believed the nebulae to be rotating masses, which are either self-luminous 
or shining with borrowed light. J. D. Cassini and Lacaille believed all 
nebulae to be vast systems of stars. As early as 1797, Von Hahn discussed 
the question of possible dark matter in the Orion nebula versus the effect 
of contrast between the nebula and an empty sky background, and con- 
cluded in favour of the existence of a cloud of absorbing matter intermingled 
with the luminous material of the nebula. 

Application of the spectroscope showed that some diffuse nebulae, e.g. 
Orion, M8, and the Trifid, had an emission-line spectrum superposed on 
a continuum. Other nebulae, such as the reflection nebula in the Pleiades 
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or NGC 7023, showed a spectrum that was simply a reflection of the 
spectrum of the central star. (106) A crucial fact for the interpretation of 
the diffuse galactic nebulae was established by Hubble, who found that if 
the spectrum of the illuminating star was later than B1 the nebula would 
simply reflect the spectrum of the star. 

The diffuse galactic nebulae contain both solid particles (presumably 
grains of frozen H 2 0, CH 4 , C0 2 , and other familiar compounds of abun- 
dant elements) and gas (mostly hydrogen, but with some helium and other 
permanent gases). If the temperature of the illuminating star is high, there 
will be a rich source of ultra-violet radiation and the gas will fluoresce, 
the hydrogen lines being produced by the primary mechanism. If the star 
is cooler than about 20,000° K., there will be an insufficient amount of 
ultra-violet radiation to ionize the hydrogen, the gas will not be excited, 
and the particles will tend to reflect the starlight. Some fluorescence by 
solid particles may also occur. The continuous spectrum in emission 
nebulae frequently seems to be weaker than in reflection nebulae. In some 
instances the grains are probably evaporated, leaving only the gas behind, 
and in others the concentration of light in the lines may be so very much 
stronger that by contrast the impression is left that the continuous back- 
ground is weaker. 

An exception to Hubble’s rule must be noted for certain nebulae asso- 
ciated with the T Tauri variable stars (see Section 12) whose spectra show 
them to be dwarf G and K stars. 

Hubble pointed out an important relationship between the apparent size 
of a diffuse nebula and the magnitude of the illuminating star, provided 
the following conditions are fulfilled: 

(1) The light falling upon an elementary area dS of a nebula is propor- 
tional to the inverse square of its distance from the star. That is, 
there is no absorption of light between the star and the elementary 
volume that scatters the light in the direction of the observer. 

(2) All starlight that is intercepted in each elementary volume is scat- 
tered evenly in all directions without change in colour, i.e. the nebular 
material is essentially white. 

(3) The light escapes from the point in the nebula at which it was 
scattered without further absorption. 

(4) There is no absorption of light in space between the star or nebula 
and the observer. 

The well-known relation established by Hubble is (107) 

m+5 log a x =B, ... (6) 

where m is the apparent magnitude of the star (or equivalent magnitude 
of a cluster of stars) and is the maximum angular distance from the star 
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(or geometrical centre of the cluster) to the boundary of the nebular image 
as photographed on a Seed 30 plate exposed 60“ with an /5 reflector. If 
other exposure times are used, the observed angular diameters of the 
nebula must be corrected. If the various spatial orientations of the nebula 
are neglected, the theoretical value of the constant, B, as given by Hubble, 
is 11-61. Hubble suggested —0-98 as the correction to be applied to B to 
allow for the random distribution of directions of the scattering surfaces, 
but Zanstra (108> concluded that the correction should be —0-52. 

The remarkable result Hubble obtained was that the observed m— log a x 
plot fitted the theoretical line, the empirical constant on the right-hand side 
of equation (6) being 11-02. The agreement is startling for, a priori, we 
would suppose that the m+log a x =B relation would be a limiting line to 
the area in the diagram filled by scattered observed points. That is, almost 
everything we can think of would make the brightness of the nebular 
surface lower than predicted by equation (6). First, extinction of the 
incident starlight before it is scattered and second, extinction of the 
scattered starlight should make the nebular surface dimmer. Third, a high 
reflectivity of the scattering particles is demanded; they must be about as 
white as snow. We must assume that the nebular material is spread out 
smoothly. There must be no lumps or density concentrations. Difficulties 
are therefore presented by objects such as the wonderfully intricate nebula, 
NGC 6888, where the surface brightness is a maximum at the outer 
boundary and the observed angular size does not depend on the exposure 
time ! 

Some nebulae are actually brighter than the theoretical relation predicts. 
In other words, they scatter more visible light than they appear to receive 
from the star. In some instances this discrepancy may be due to an 
absorbing cloud in front of the star. In others it appears to arise from 
actual fluorescence in the solid grains. That is, ultra-violet radiation 
impinging upon the tiny crystals is degraded into radiation in the visible 
wavelengths. Without a knowledge of the specific qualities of the material 
involved, an actual calculation of the amount and the energy distribution 
of the emitted radiation is not possible. 

Hubble concluded that both reflection and emission nebulae obeyed the 
same m— log a x relationship, but a more recent discussion of somewhat 
more extended material by Cederblad indicates that there is a slight 
difference in the two relationships. (70) For the reflection nebulae he finds 

m+(4-82±0-22) log «,=10-41, . . (7) 

while the emission nebulae obey a law of the form 

w+(4-66 ±0-61) logo, =11-08. . . (8) 


96 


GASEOUS NEBULAE 


The displacement of the line representing the emission nebulae is in such 
a direction as would be expected if all diffuse galactic nebulae were similar 
in composition. Cederblad attributes the smallness of the displacement to 
a smaller optical thickness of the emission nebulae as had been suggested 
by the investigations by Struve and Miss Story.' 109 ’ 

Statistical discussions of the above type probably cannot be pursued 
further with great profit. At the moment it appears that much more is to 
be gained by detailed photometric, polarization, and spectroscopic studies 
of individual nebulae. The diffuse nebulae exhibit such complex structures 
that progress in detailed interpretation is necessarily slow. 

Photometric studies of the distribution in brightness as a function of the 
distance from the existing star have been carried out by L. Rosino' 110 ’ and 
by others for the Orion nebula. The reflection nebula, NGC 7023, has 
been studied by P. C. Keenan' 11 11 and more recently in greater detail by 
E. B. Weston. Messier 8, the Trifid nebula, M16, M17, NGC 6888, and 
others have been studied by Albert Boggess III. 

Polarization investigations have been carried out for a number of diffuse 
nebulae.' 112 ’ These studies are of particular value for estimating the sizes 
of the particles responsible for the scattering of light. 

11. Emission Nebulosities in External Galaxies 

The Large Magellanic Cloud contains large numbers of luminous early- 
type stars, Wolf-Rayet stars, supergiants, and quantities of absorbing 
material. It appears to be largely a Type I population. Although a 
Type II component seems to be present, no bona-fide planetaries have 
been identified. The spectra of the brighter stars have all been observed, 
and photo-electric colours and magnitudes have been measured. 

The Large Magellanic Cloud contains a great number of diffuse nebulous 
objects. Many were observed by Sir John Herschel,' 83 ’ who noticed that 
they were irresolvable but apparently situated at about the same distance 
as stars of the seventh or eighth magnitude and open star clusters exhibiting 
every degree of resolvability. R. E. Wilson mentions 278 of them, but the 
actual count is probably more if extended wisps are counted as separate 
objects and the faint areas of low surface brightness are included. Early 
observations showed them to differ greatly in size, shape, and surface 
brightness. 

An idea of the character of these objects can best be gained by inspection 
of Fig. 16. From the extremely large intricate structure of NGC 2070 
down to the smallest stellar nebulosities that are distinguishable from stars 
only on objective prism plates, every conceivable form and shape seems 
to be represented from nearly symmetrical ring or shell objects to extremely 
wispy forms. Miss Cannon' 113 ’ has described the spectra of the brighter 



Fig, III : 13, The // Cttrinae Nebula. 

This photograph was obtained on a red sensitive l()3a-E emulsion with a red filter (Wratten 25A) t 
May 7, 1951, with the Armagh-Dunsink-Harvard Baker-Schmidt telescope at Bloemfontein, O.F.S., 
South Africa, The plate is centred at n K) m 43 lt > <5= 59 -4, 

(Courtesy Burt J, Bok, Harvard College Observatory,) 
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Fig. 111:14. The Diffuse Nebula Messier 17 (NGC 6618), 

{Left) [0111); (centre) visual continuum; (right) //a-h[AIl]. 

Notice the extreme dimness of the nebula in the radiation of the visual continuum. Some weak line radiation may contribute in this region. 
(Photographed by Albert Bogies* IN with the Curtis Schmidt telescope at the University of Michigan*) 
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relative strength m the two spectrograms of Messier 17. The [Ne IN] lines appear in 
the higher excitation Ml? nebulosity. The [O 11] A3727 line is strong in all these 

diffuse nebulae. 

(Photographed at the McDonald Observatory, Au&usi J94f\> 








Flg. Ill : 16. An Objective Prism Spectrogram of Emission Nebulosities 
in the Large Magellanic Claud. 

On this negative print the stellar images are recorded as short, stubby spectra. The 
emission nebulosities which radiate a strong Hn are recorded as they would be upon 
a direct photograph. Notice the intricate structure of some of these nebulosities and 
the number of small, round nebulosities, 

(Photographed by Karl G, Hcni/c widt the Ml. Wilson 10-in, camera and objective prism upon a 
1 03a-E emulsion at the Lamont-Husscy Observatory of the University of Michigan, Blocmfoniein, 

0,F,S„ South Africa,) 
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objects, giving the relative intensities of N u N 2 , and ///?. R. E. Wilson <114) 
measured the radial velocity of seventeen of these nebulae, verifying that 
all of them belonged to the Large Magellanic Cloud. He also called 
attention to the fact that the ( Ni+N 2 )IHfi intensity ratio was much closer 
to the values found for the diffuse gaseous nebulae in our own system than 
it was to the planetary nebulae. He was able to measure the velocity of 
only one gaseous nebula in the Small Magellanic Cloud. 

Shapley and Miss Harvia H. Wilson 1 115) described the twenty-two 
brightest nebulae in the Large Cloud and made estimates of their inte- 
grated absolute magnitudes. They concluded that most of these nebulae 
were brighter than the Orion nebula to which they assign an absolute 
magnitude of —3. One of them in particular, NGC 2070 or 30 Doradus, 
turned out to be the largest and brightest gaseous nebula known, so 
luminous that were it to replace the Orion nebula it would more than fill 
the whole constellation with a bright, shining surface ! 

Recently, Karl G. Henize has photographed the Magellanic Clouds with 
the 10-in. visually corrected photographic telescope used by Merrill at 
Mt. Wilson in his search for Be stars. Both direct and prismatic exposures 
are necessary to separate Ha emission areas from star clusters, etc. Widened 
exposures permit an approximate reduction of the surface brightnesses of 
the nebulosities to an absolute scale by the method of Ambarzumian, 
provided the colours, magnitudes, and spectra of appropriate comparison 
stars are known. A catalogue of these emission nebulosities has been 
prepared by Henize. For each object listed, the position, dimensions, 
description, and data concerning the illuminating stars are given. The 
surface (and sometimes total) brightnesses of most of these nebulosities 
have been measured by Henize, Lowell Doherty, and the writer. For the 
more complicated nebulosities the surface brightnesses at representative 
points and, in some instances, the isophotic contours are given. The 
densities of the nebulae are comparable with the brighter objects in our 
own galaxy, but exact figures cannot be given as the electron temperature 
and density fluctuations of the material are not known. Probably the total 
mass of the gas is comparable with that found in a similar volume in a 
spiral arm in our own galaxy. The Small Magellanic Cloud also contains 
gas and a stellar population of Baade’s Type I, although the Type II stellar 
population may actually predominate (see Chapters VII and VIII). 

Patches of emission nebulosity are well known in many other galaxies. 
The outer spiral arms of M31, the Andromeda galaxy, contain many 
emission nebulae and hydrogen ionization regions. <116) Seyfert identified 
emission nebulosities in M101, <117) while G. Haro <118> has identified many 
such objects in a number of external galaxies. Haro used the Tonanzintla 
Schmidt and 26-in. prism together with Ha sensitive plates and a red filter. 
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He found strong Ha in emission in fifty-eight objects in the spiral arms of 
M31 and noticed that many of them were exactly in or near the edges of 
conspicuous dark lanes. 

The predominantly Type I population galaxy Messier 33 has an un- 
usually large number of emission nebulosities. The bright-line spectra of 
certain of the nebulous condensations in this galaxy, NGC 588, 595, and 
604, were observed many years ago by V. M. Slipher, <119) by F. G. Pease, (120) 
and by E. P. Hubble.< 121) N. U. Mayall and the writer observed additional 
objects with the nebular spectrograph on the Crossley reflector at the Lick 
Observatory in a study of the rotation of this spiral galaxy. (122) Haro 
found ninety-seven objects with Ha emission, thirty-one of which were 
previously known as emission nebulosities. He finds that these patches are 
systematically brighter than the ones observed in the Andromeda spiral by 
between a half and one magnitude. Objective prism spectrograms obtained 
at Michigan have added yet a few additional objects (see Fig. 7, Chapter I), 
while photometric measures on these plates have shown that the nebulosi- 
ties are comparable in density with the brighter objects in the Milky 
W a y (i23) These results have been substantiated recently by Shajn and 
Hase. (124) 

A preliminary catalogue of M33 emission nebulosities giving their relative 
brightnesses as measured on Curtis Schmidt plates and sizes as obtained 
from a direct photograph obtained by Mayall was prepared by the writer 
with the assistance of G. Newkirk and made available to those interested 
in such problems. Since then it has not only been possible to obtain much 
better Schmidt plates, but this material has been supplemented with obser- 
vations secured at Mt. Wilson and Palomar. Large-scale direct photo- 
graphs taken by Sandage at Palomar will make it possible not only to give 
improved descriptions and more precise dimensions of the nebulosities, 
but also magnitudes of the illuminating stars. 

In his classical investigation of Messier 33, (121) Hubble called attention 
to the large number of emission nebulosities involved with bright blue 
stars. The brightest of these patches, NGC 604, has an extremely intricate 
structure which is visible even upon plates taken with the 24-in. Schmidt 
camera. If the distance of the Messier 33 galaxy is taken as 220,000 parsecs 
the diameter of this object is about 70 parsecs. Actually the distance 
of M33 is probably closer to 400,000 parsecs so that the NGC 604 
nebulosity is nearer 130 parsecs in diameter! Compare this with the 
dimensions of the inner luminous portion of the Orion nebula whose 
radius is less than 1 parsec ! The nebula is illuminated by a cluster of blue, 
exceedingly luminous stars, which range in brightness up to M=— 7*5! 
Sandage’ s and Baade’s plates obtained with the 200-in. telescope show 
that many of the illuminating stars associated with emission nebulosities 
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are actually resolved into multiple stars (reminiscent of 0 Orionis) or small 
clusters. 

A detailed study' 125) of the emission spectra of the nebulosities observed 
to determine the rotation of Messier 33 shows that most of them are low 
excitation objects — falling in our excitation classes 1 to 4. A typical diffuse 
nebulosity has a spectrum similar to that of Orion or IC 418 with strong 
13727 [Oil], Balmer lines of hydrogen, and the green nebular [OIII] lines 
In some objects the [A/elll] lines are visible. The nebulosities of highest 
excitation are NGC 588, IC 132, and IC 133. The absence of [OIII] does 
not mean that 0++ is necessarily absent; the Ni and N 2 lines may be 
weak as in NGC 40 or BD+30° 3639. Certain nebulosities show only 
23727 [Oil], and this line appears in the inconspicuous nucleus of the 
spiral. 

When the green nebular lines are weak as in the diffuse nebulae, the 
25007/23727 ratio is a very sensitive indicator of excitation. At the same 
time, the /f/3/23727 intensity ratio is insensitive to changes in excitation. 
The reason for this effect is that in typical diffuse gaseous nebulae which 
show spectra of the IC 418 or Orion type, most of the oxygen is neutral or 
singly ionized and very little is doubly ionized. If the energy density in the 
far ultra-violet radiation field is even slightly increased, 0+ will tend to 
become ionized to 0 ++ with a consequent strengthening of the green 
nebular lines. The percentage decrease in the number of 0+ ions may be 
small, so that the absolute intensity of 23727 may be changed by an un- 
detectable amount. Stellar spectra exhibit a somewhat analogous pheno- 
menon; with rising temperature along the spectral sequence the lines of 
the ionized atom may strengthen appreciably before any effect is noticed 
on the lines of the neutral atom. Since the ionization potentials of neutral 
oxygen and hydrogen are very nearly equal, the intensity of the radiation 
field just beyond the Lyman limit at 2912 determines the rate at which 
both oxygen and hydrogen will be ionized. Collisions between electrons 
and 0 + ions excite the atoms to the 2 D term from which they can cascade 
with the emission of the 23727 pair. The intensity of 23727 will therefore 
depend on the product N € N( 0+), w hi le that of the Balmer lines will depend 
on the recombination rate and therefore on N e 2 . If the electron tempera- 
ture is kept constant and if the exciting stars are not so hot that 0+ is 
appreciably ionized, the hydrogen lines and 23727 will tend to increase or 
decrease in absolute intensity together. Such quantitative discussions as 
are possible (cf. Chapter V) show that for equal intensities of N 1 A-N 2 and 
23727 more of the oxygen atoms are concentrated as 0+ than as 0 ++ . The 
difference is smaller the higher the electron temperature! Curiously, the 
higher excitation nebulae tend to be found at greater distances from 
the centre of the spiral than do the low excitation nebulosities ! 
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The irregular dwarf galaxy NGC 6822 also shows a number of prominent 
emission patches, five of which have been described by Hubble.* 1261 

In more remote galaxies, emission patches are less easy to identify. 
Incandescent gases frequently reveal their presence by their characteristic 
emission lines. The most persistent of the nebular radiations appears to 
be 23727 [Oil], which Mayall (127) and also Humason (128) have found in 
the spectra of a very large number of galaxies. Out of seventy-seven 
nebulae observed with the UV-glass spectrograph Mayall found 23727 in 
thirty of them. The appearance or non-appearance was strongly dependent 
on nebular type in that nearly 50% of all spirals showed 23727, whereas 
only one of the fourteen elliptical nebulae observed showed this emission. 

This result is, of course, readily understandable in terms of the popula- 
tion types. The elliptical nebulae are examples of the Type II population 
which is characterized by an absence of O and B stars and an interstellar 
medium. The Type I population is represented by the spiral arms of 
galaxies like our own or Messier 31 ; it is characterized by bright blue stars, 
supergiants, and an interstellar medium of gas and solid particles. The 
fact that even some elliptical nebulae show 23727 is of considerable interest. 
The irregular nebulae often contain a large Type I population component 
(e.g. the Magellanic Clouds and NGC 6822). Mayall found 23727 in the 
integrated spectra of two of the six objects he observed. As one might 
anticipate, Mayall found a relation between the intensity of 23727 and the 
presence of other bright lines in the sense that when 23727 was very faint, 
other emissions are absent, when it is moderately strong [Oil], [iVcIII], 
and the Balmer lines might or might not appear, whereas when 23727 was 
very strong, the characteristic lines of diffuse nebulae did appear. He 
found no correlation of the intensity of 23727 with the width of the 
absorption lines nor with the spectral type of the underlying continuum, 
although he did find that nebulae with strong ultra-violet continua tended 
to have strong 23727. He found that in NGC 3310, 4736, and 7742, 
galaxies characterized by bright, prominent spiral arms, 23727 is strong in 
the spiral structure. 

Whether the 23727 radiation originates in discrete diffuse nebulae, illu- 
minated by early-type stars, as appears to be true in the spiral arms of 
M33, for example, or whether it is emitted over large regions of the 
interstellar medium cannot be settled easily. In the nuclear region of M33, 
for example, 23727 is observed as a long, relatively structureless bright fine 
indicative of excitation from a large volume of gas excited by the contribu- 
tions of many stars. Until more is known concerning the character of the 
illuminating radiation and the structure of the diffuse nebulae or medium 
in which the line is produced little further progress can be made in the 
interpretation of the observations. 
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Not all external galaxies have low excitation spectra. A small number 
have spectra with high excitation emission lines similar to those exhibited 
by NGC 7027. Of the twelve galaxies of this class, U29) most are inter- 
mediate-type spirals with poorly defined amorphous arms, but all have 
exceedingly bright nuclei to which the high excitation emission spectrum 
is confined. The underlying absorption spectrum is of the solar type. 
Many years ago E. A. Fath, (130) V. M. Slipher,* 1311 and Campbell and 
Moore* 1321 observed some of these objects. More recent observations 
were obtained by E. P. Hubble, <133) M. L. Humason,' 134 ’ N. U. Mayall* 135 ' 
and particularly by Carl K. Seyfert,* 1361 who made an intensive spectro- 
graphic study of the six brightest of these “high excitation” galaxies, viz. 
NGC 1068, 1275, 3516, 4051, 4151, and 7469. High dispersion studies 
were made of the three having the brightest nuclei, NGC 1068, 3516, and 
4151. Seyfert measured the intensities of all the brighter lines with respect 
to the background continua, whose colour temperature he established by 
comparison with stars of known energy distribution. 

Except for the recombination lines of hydrogen and helium, all the 
radiations correspond to forbidden transitions. In NGC 1068, 4051, and 
4151 the He II A4686 is strong; [FeVII] is present in NGC 1068 and 
NGC 4151, indicating a very high excitation. Of considerable interest is 
the great strength of [Oil] in these objects as compared with planetaries 
of similar excitation. The [MI] radiations are often also quite strong. The 
relative intensities of the lines show large differences from one nebula to 
another. 

The most striking characteristic of the emission lines, however, is their 
enormous width. Campbell and Moore had called attention to the broad 
lines in NGC 1068 and NGC 4151. From a study of the line profiles, 
Seyfert found all emission l in es to be widened, probably by Doppler 
motion, by amounts up to 8500 km. /sec. for the total spread of the Balmer 
lines in NGC 3516 and NGC 7469. In NGC 4151 the Balmer lines 
exhibited narrow cores and broad wings corresponding to a total width 
of 7500 km. /sec. ! The other emission lines gave asymmetrical profiles 
that were similar in shape and corresponded to velocities less than 
1800 km./sec. ! The widths of these emission lines seem to be correlated 
with the brightness of the nucleus in the sense that the brighter the nucleus 
and the greater the concentration of light in it, the greater the breadth of 
the hydrogen lines. 

These broad lines present a great puzzle. The emission lines in the 
brighter nebulosities in M101, M33, and in 30 Doradus or our own galaxy, 
show no evidence of such large broadening. Evidently these large velocities 
tend to be restricted to high excitation nebulosities. Since lines of such 
diverse ions as ionized helium and triply ionized argon show essentially 
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the same profiles, the broadening cannot be of thermal origin, but must 
represent large-scale mass motions of material. The velocities in question 
would appear to exceed the velocity of escape for the most massive galaxy- 
nucleus. Dissipation of mechanical energy might well account for the 
character of the spectrum, but the source of the high velocities is difficult 
to understand. 

A high excitation colliding galaxy in Cygnus has been identified as a 
radio source.' 137 ’ We might expect the galaxies observed by Seyfert also 
to be strong radio sources, but such appears not to be true. 

13. Variable Nebulae and the Associated Stars 

We have already mentioned the variability of the rj Carinae nebula which 
is associated with a slow nova. In addition to the nebulae associated with 
novae, there are variable nebulae associated with other types of variables, 
the so-called T Tauri stars and related objects. 

A century ago J. R. Hind found a nebula, NGC 1555, about 45" to the 
west of the irregular variable, T Tauri. (138) Subsequent observations by 
H. L. d’ Arrest, O. Struve, Lassell, and others showed that this nebula was 
variable. O. Struve, in 1868, found another variable nebula, NGC 1554, 
about 4' to the west of T Tauri. In 1890, S. W. Burnham' 1391 at Lick found 
a small, condensed nebula with a maximum length of about 4-4" imme- 
diately surrounding the star; this nebula also proved to be variable. In 
1948-9, G. H. Herbig succeeded in observing this nebula spectroscopically 
with the McDonald reflector. < 140) By placing the spectrograph slit in 
various position angles he was able to measure the extent of the nebula 
in the different directions. The strongest lines in the spectrum are 23726, 
23729 of [Oil], followed by 24068, 4076 [SII], and finally the Balmer lines. 
The [OIII] radiation is definitely missing, although [01] has been observed. 
On the other hand, in 1952, Herbig found Hind’s variable nebula to show 
a reflection spectrum which is a precise replica of the T Tauri itself. 

T Tauri has a dG 5 spectrum with broad absorption lines that are 
presumably widened by rotation.' 141 ’ Overlying this absorption spectrum 
are the strong emission lines of H, Call, Oil, 7711, Fe I, Fell, and some- 
times He I and He II. The strong [SII] and [OI] lines presumably originate 
in the small nebula surrounding the star. The emission spectrum resembles 
that of the solar chromosphere except that the lines are enormously 
stronger and broader. The H and K lines show self-reversal. 

Other faint dwarf stars with late-type absorption spectra and bright 
emission lines have been observed by Joy in the Taurus region.' 1421 All 
appear to be associated with the dark nebulosity. In an area of 45 square 
degrees he found forty stars brighter than the fifteenth magnitude with 
bright Ha. On the basis of estimates of the size of the dark cloud and the 
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luminosity function for dwarf stars, Greenstein concluded that every late- 
type dwarf star within the boundary of the dark cloud showed emission 
lines. (143) On the other hand, variable stars associated with nebulosity do 
not necessarily have bright lines. Investigations by Struve and Green- 
stein, (144) Herbig, <145) Haro, <146) and others have shown that dwarf variable 
stars of earlier spectral classes in the Orion nebula are not variables of the 
T Tauri type. Among the fainter and cooler G and K stars, objects 
resembling T Tauri are found, although none show such rich emission-line 
spectra as that of XZ Tauri or RW Aurigae. 

Another type of association is exhibited by Hubble’s fan-shaped variable 
nebula, NGC 2261, which is illuminated by the remarkable variable - R 
Monocerotis. The nebula shows an intricate structure in which knots and 
wisps disappear, only to reappear again after considerable time intervals 
as though they had been hidden by material passing between them and 
the star. The R Monocerotis nebula appears to be connected with the 
extended dark nebula that envelops the nebulous cluster NGC 2264, 
which is 450 parsecs away. ( 1471 Greenstein finds weak, sharp Balmer lines 
that may be traced to HI 5 even on plates of low dispersion. The hydrogen 
absorption lines are stronger in the nebula than in the star, and appear to 
become stronger the greater the distance from the star. Apparently the 
absorption lines become stronger the longer the light path in the nebula. 
Greenstein concludes that the illuminating star is a main-sequence B or 
a giant A, F, or G star. 1 1481 

Another object resembling R Monocerotis in its connexion with a 
cometary variable and spectroscopic features is R Coronae Australis, which 
was studied by Greenstein and the writer with the McDonald reflector. 11 49 > 
The star spectrum shows weak, sharp Balmer absorption lines plus emis- 
sion Hfi and Fe II lines characteristic of low excitation T Tauri stars. The 
associated nebula, NGC 6729, has a striking blue continuous spectrum 
with sharp, strong absorption lines, easily resolved up to HI 1 in spite of 
the low dispersion of 300 A. /mm. ! The Coll K line appears in absorption 
and seems to strengthen with increasing distance from the central star. 
Weak, diffuse fines of He I /U4471, 4026 also appear. The continuous 
spectrum of the nebula and the weak emission Hf} and Fe II lines appear 
to be due to the fight of R CrA reflected and scattered by small solid 
grains. 

Except for the helium fines, the spectrum of the nebula could be classi- 
fied as that of a supergiant A5 star. Since the distance of the nebula is 
about 150 parsecs, were R CrA actually an A5 supergiant, an obscuration 
of fourteen magnitudes would be required in order to account for its 
apparent faintness. Since the star and nebula do not appear to be highly 
reddened, it seems likely that their observed absorption spectra, and 
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possibly the continuous background as well, may be abnormal and origi- 
nate in dense clouds of gas and dust completely hiding the star ! Spectro- 
photometric studies of the energy distribution in the continuum of the 
nebula and its illuminating star show that both NGC 6729 and R CrA are 
unexpectedly blue compared with other objects deeply immersed in dark 
nebulae. 

The integrated brightness of NGC 1999 is greater than that of the 
illuminating star BD-6° 1253, which Herbig' 1501 and independently Morgan 
and Sharpless' 15 11 recognized as a nebular variable. This star shows strong 
emission lines of H, Fell, Till, Crl I, and Call superposed on an under- 
lying absorption spectrum between AO and F0. Thus it is definitely 
earlier than typical T Tauri stars and appears to be more luminous than 
normal dwarf stars of the same spectral class. 

Herbig' 1521 suggests that practically all emission-line stars found exclu- 
sively in association with nebulae can be assigned to one of four groups 
on the basis of their spectral characteristics, viz.: 

(a) T Tauri Stars. The absorption spectra range from F8 to M and are 
often overlaid by continua. Subdivision on the basis of emission 
lines is possible. Objects with strong emission lines, e.g. RW 
Aurigue, XZ Tauri, or RU Lupi, are relatively rare. 

(b) Stars with Strong Balmer Absorption Lines. This group includes 
BD-6° 1253, R CrA, and R Mon; each member illuminates a 
reflection nebula. 

(c) Stars whose Spectra suggest Luminosities above the Main Sequence. 
These objects may actually be only peculiar members of groups A 
and B. The prototype is BF Orionis. 

(d) Peculiar Emission Objects with Strong Emission Spectra and Weak 
Continua. They were first found in the dark nebula surrounding 
BD-6° 1253, and show both permitted and forbidden lines covering 
a wide excitation range. 

Detailed studies of the absolute magnitudes of the K-M type emission- 
line variables connected with the obscuring clouds in Taurus and Auriga 
show them to be too bright for their spectral classes. That is, their lumi- 
nosities would place all of them above the main sequence by amounts 
ranging up to about three magnitudes ! 

The next question we might ask concerns the relationship of more 
luminous stars to diffuse nebulosity in which they are immersed. More 
specifically, what traces of interaction between the interstellar matter and 
normal giant stars and main-sequence stars of types AO and earlier can 
be found? To answer these questions Greenstein and the writer observed 
a dozen stars which illuminate bright diffuse nebulae, mostly of the 
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reflection type. (149) Most of the stars involved were less than 200 parsecs 
from the sun, and the reddening they showed must have originated from 
the nebula, a portion of which they illuminate. These stars were, on the 
average, four magnitudes brighter than Joy’s T Tauri stars and almost 
eight magnitudes brighter than the faint emission objects he found in the 
Taurus dark nebula. In none of these stars were the usual peculiarities 
characteristic of the T Tauri stars or of the Orion nebular variables 
observed. The stars, ranging from B2 to gK2, seemed normal and un- 
affected by the surrounding nebulosity. In other words, only faint dwarf 
stars appear to be appreciably affected by the surrounding particles and 
gas of diffuse clouds. 

One possible exception to the above rule might be noted. The diffuse 
nebula NGC 7023 shows a spectrum that appears to be a faithful reflection 
of the illuminating star HD 200775. This central star is a Be shell star 
with rotationally broadened hydrogen lines underlying emission lines with 
a sharp central reversal. E. B. Weston has made a detailed study of its 
spectrum.' 1 531 He has identified the lines of [Fell], and traces of [OlII] 
and possibly [Oil]. These lines may originate in a portion of the nebula 
in the immediate neighbourhood of the star; they seem to show small 
variations in time. 

Briefly, stars of intrinsically high luminosity seem to be little affected 
by surrounding nebulous material, whereas dim dwarf stars may be 
profoundly affected. The explanation may he in the circumstance that 
radiation pressure depends very critically upon the luminosity of the star. 
A bright star will tend to drive gas molecules and particles away, but they 
may approach a faint star rather closely. Solid grains of ice, frozen 
methane, etc., may approach close enough for evaporation to occur and 
gas to be liberated. V. A. Ambarzumian and P. Kholopov called the 
groups of dwarfish irregular variables in Taurus, Auriga, etc., ‘T associa- 
tions” and suggested that they were main-sequence stars actually being 
formed from the interstellar medium on the spot. In their early fife they 
are unstable and behave as irregular variables. Another possibility is that 
these irregular variables are normal stars that wander into dense regions 
of the interstellar medium and accrete material. The material falling into 
the star produces a high excitation “chromosphere”. Still a third possi- 
bility, favoured by Greenstein," 54) is that the infall of material triggers 
flares on the stellar surface, and these flares produce the high excitation 
spectra that are observed. 

The broadening of the underlying absorption fines observed by Herbig 
in the spectra of the T Tauri stars, if interpreted as rotation, suggests 
average velocities of 50 km./sec., which is much larger than is observed for 
normal dwarf stars of spectral classes G, K, and M. 
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If the stars are accreting large quantities of material from a non-quiescent 
cloud, they would inevitably pick up angular momentum, and we would 
expect them to have appreciable rotation. If the stars are built up in toto 
from the interstellar medium they would originate rotating even if most of 
the angular momentum is carried off in the process of their formation. (155) 

The matter of short-term variations in the spectra of the T Tauri stars 
is of interest in this connexion. Observations of T Tauri obtained at 
Ann Arbor show that the spectrum of this star is subject to short-term, 
i.e. night-to-night, variations in the intensity of the hydrogen lines. Other 
features of the spectrum also change with time. A similar, but less com- 
plete, series of observations on RY Tauri do not reveal any conspicuous 
changes. RY Tauri illuminates a faint fan-shaped nebula. Observations 
of R Monocerotis are much more difficult because of the faintness of the 
star and confusion with the associated cometary nebula. There is some 
evidence for short-term changes in the Balmer lines. For example, on 
December 2nd, 1948, Hy appeared as a strong absorption line with weak 
emission on either side; two nights later the emission component of Hy 
was of the P Cygni type. 

The strong chromospheric-type emission of the T Tauri stars is certainly 
connected with the surrounding dense clouds of absorbing material. The 
exact mechanisms by which the infall of material produces the intense 
bright-line spectrum is not known. The short period fluctuations in the 
Balmer line intensities favour some kind of a flare-triggering mechanism 
as a possible cause of the luminosity. Minkowski* 156) has proposed radia- 
tion pressure as the cause operating to produce the fan-shaped nebulae, 
but a satisfactory quantitative theory has not been worked out. 

In this chapter we have reviewed some of the principal characteristics of 
gaseous nebulae and of nebulae that contain both gas and solid particles. 
Following some material on the theoretical aspects and the illuminating 
stars, a further account of the planetary and diffuse nebulae will be found 
in Chapters VII and VIII. Radio “stars” will be discussed in Chapter VIII. 

W. Baade has recently* determined the absolute magnitude of the 
brightest planetaries in the Andromeda spiral to be —2*2. For these parti- 
cular objects he estimates the difference in magnitude between the nebula 
and the central star to be d =m s —m n =4. Putting d =4 in Berman’s formula, 
cf. page 52, for the “reduced” magnitude, 

M n = Mn'-jrdd = — (0*88+0*326), 

an excellent accord is found between Berman’s and Baade’s results. An 
improved value for the absolute magnitude of the galactic planetaries ought 
to come from the photo-electric measures of the objects in the central 
bulge of our galaxy. 

* This last paragraph was added in proof (April 1955). 
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CHAPTER IV 


Physical Processes in Gaseous Nebulae 

1. The Radiative Equilibrium of a Gaseous Nebula 

We must now turn to the theoretical analysis (in so far as it is possible) 
of the gaseous nebulae. As a starting-point we shall consider as a first 
approximation to a planetary nebula a homogeneous, spherical shell of 
hydrogen gas surrounding a very hot star. We postulate that the state is 
a steady one. To idealize the problem yet further we shall suppose that 
the star radiates as a black body at a temperature T u at least beyond the 
Lyman limit. 
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Fig. IV : 1. Tracing of the Spectrum of IC 4997 (/.3600-/J900). 

This spectrogram was secured with the Cassegrain spectrograph on the 82-in. McDonald 
Observatory reflector, September 1945. Notice the confluence of the hydrogen lines 
to the Balmer limit near A3650. A few lines of [Oil], [AfelH], and Hel fall in this 
region. Compare with Fig. 9 of Chapter III. 

In spite of the fact that the nebular gases must derive all their energy 
from the central star, the visual brightness of the planetary nebula is often 
many times greater than that of this star. As we have seen in Chapter III, 
the explanation lies in the circumstance that most of the stellar radiation 
is emitted in the ultra-violet and degraded by the nebular gases into visible 
light. Hydrogen, the most abundant of the chemical constituents in stars 
and nebulae, plays a major role in the softening of the ultra-violet star- 
light. 

The mathematical analysis is greatly simplified by the fact that ioniza- 
tions and excitations occur only from the ground-level. Recaptures occur 

ill 
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in all levels so that the observed Balmer spectrum is predominantly a 
recombination one, although in a thick nebula or one surrounding a star 
with bright lines some line excitation may occur. 

The first problem will be to examine the distribution of the atoms 
among the various energy levels, i.e. the statistical equilibrium of the 
nebula. If we can calculate the populations of the various excited levels 
we can predict the relative intensities of the hydrogen fines, i.e. the inten- 
sity decrement in the Balmer series, a quantity that can be observed. Fig. 1 

shows a tracing of the higher members of the 
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Transitions in Hydrogen . 


Balmer series in the planetary nebula, IC 4997. 

In our first reconnaisance of the problem we 
shall neglect all collisional excitations, although 
this limitation is not a fundamental one. Later 
we shall see how the theory can be modified in 
a straightforward way to take care of fine 
excitation by electron collision. 

Historically, two methods of approach to this 
problem were used. The first, due to H. H. 
Plaskett, a) amounts to what might be called a 
“mechanistic” argument. He computed the 
number of captures in a particular energy level 
and then traced the ensuing history of these 
atoms as they cascaded to lower levels, follow- 
ing them through successive transitions all the 
way to the ground-level. Carroll* 21 and later 
Cillie (3) followed an “equilibrium” approach in 
which they equated the number of atoms 
leaving a particular energy level by radiative 
transitions to the number so entering it. Carroll 
was able to give an exact solution for a hypo- 
thetical atom with seven bound levels and 
a continuum. Cillie made calculations for a 
fourteen-level atom. The method of Carroll 
and Cillie is unsatisfactory in that it does not 
allow for the continuity of energy levels through 
the higher terms and on into the continuum.* 
In this connexion Plaskett’s seven-level atom 


treatment was superior, in that by a mechanistic argument he was able to 
make some allowance for the levels and transitions Carroll had to neglect. 


* The use of exact hydrogenic Einstein A's for transitions involving the bound levels and 
exact recapture coefficients for the bound-free transitions leads to inconsistencies if only a 
small number (e.g. 7 or 14) levels are considered. 
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Actually, if we consider real hydrogen atoms with an infinite number of 
levels, the mechanistic and equilibrium points of view turn out to be the 
same. Menzel and Baker* 41 showed that an exact solution of the problem 
of statistical equilibrium for the hydrogen atom with an infinite number 
of levels is possible. They treated first the problem where the radiation 
impinging upon the nebula comes from beyond the limit of the Lyman 
series. Hence atoms enter the discrete levels only by recapture from the 
continuum or cascade from higher levels. Their method is not restricted 
to this special condition, however, but may be applied whenever the nature 
of the radiation field is specified. We shall see that the “equilibrium” 
point of view is often simpler, but for some problems such as the evalua- 
tion of the relation between the electron temperature and that of the 
exciting star, the “mechanistic” argument is useful. 

The constancy of the number of atoms in a given level n, the condition 
of statistical equilibrium, is ensured by requiring that the number of atoms 
entering the level be equal to the number of atoms leaving. Let us first 
consider the ground-level. Atoms may enter this level by direct captures 
from the continuum and by cascades from higher levels. They may leave 
by line excitation to higher levels or by photo-ionization. If F nl denotes 
the number of downward transitions from level n to 1, F ln the number of 
upward transitions from 1 to n, while F Kl dv denotes the captures from the 
continuum in the energy range hdv of the free electron, then 
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cascades 
from higher 
levels 
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CO 

+ F ix dv. 
2 J Vi 
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The summations are taken over all discrete levels. The integrations over 
the continuum are taken from the Lyman limit v lm * 

The significance of the symbol * employed in this and following equa- 
tions may be clarified with the aid of the following discussion. 

Consider a free electron moving with a velocity v. Its kinetic energy is 

~2 mv2 > and when it is recaptured by a hydrogen atom in a level n\ it 
radiates an amount of energy 



hRZ 2 
n' 2 * 


* In the integral on the right-hand side of equation (1) we should have written dFjdv instead 
of F lx . In the present notation, which is that of Menzel, the physical dimensions of F lx are 
therefore not identical with those of F ln . Furthermore, in the expressions for F, the variable 
x should be retained, and we should write Fixdx=~Fi v?( dvx. Menzel uses the less cumbersome 
notation, F lH dv. 
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Here Z is the charge on the ion and R is the Rydberg constant. Menzel 
and Pekeris (5> suggested that if one writes rt—ix, where x is a real number, 
the frequency of the emitted quantum could be expressed by the Rydberg 
formula 


v=RZ 2 



with the understanding that 


RZ 2 1 mv 2 

x. 2 2 h 


By means of this substitution, formulae developed for transitions between 
discrete levels may be adopted to transitions involving continuous 
states. 

Throughout all this work we postulate that the velocity distribution of 
the free electrons is Maxwellian, corresponding to some temperature T t , 
the gas kinetic temperature of the electrons and ions. The justification for 
this assertion may be found in a detailed comparison of the processes 
tending to destroy a Maxwellian distribution with those tending to restore 
it. The electrons photo-electrically ejected into the continuum have a 
velocity distribution dependent upon the energy distribution of the incident 
radiation at the point in question. Similarly, the electrons are recaptured 
at a rate that depends on their velocity. The slow ones are much more 
readily recaptured. Free-free emissions and the collisional excitation of 
metastable levels also tend to destroy a Maxwellian distribution. The only 
process tending to maintain a Maxwellian distribution is the coulombic 
encounters between charged particles. Detailed calculations <6) show that 
in a typical planetary nebula the lifetime of a free electron is of the order 
of ten years, it will lose energy in an inelastic collision once every two or 
three months, and will dissipate its energy in free-free transitions in a 
matter of many weeks. On the other hand, an electron will exchange an 
amount of energy equal to 3/2 kT in the matter of a second or two ! Hence 
an electron entering the continuum will almost instantaneously share its 
energy with the other free electrons. Likewise, an electron that has lost 
excessive energy in an inelastic collision will quickly regain energy from 
its neighbours. The systematic loss of the slower electrons by recapture 
will not influence the velocity distribution, as new slow electrons will be 
supplied by the encounter processes. Deviations from a Maxwellian distri- 
bution will be negligible not only in a gaseous nebula but in the interstellar 
medium as well ! 

In the derivation of the equation of statistical equilibrium for an excited 
level, n, the extreme dilution of radiation throughout the gaseous envelope 
is of decisive importance. The chance that an atom in an excited level will 
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ascend to a yet higher one by the absorption of a subordinate-line quantum 
is negligibly small compared with the chance that it will descend to a lower 
level with the spontaneous emission of radiation. That is, we can neglect 
all transitions from level n to a higher level n". 

The number of atoms entering an excited level n by cascade from higher 
levels n", by recombinations with electrons from the continuum, and by 
excitation by line radiation from the ground-level must equal the total 
number cascading downwards from level n to all lower levels n'. Thus, 

oo p°° n— 1 

y fn-r, + F m dv F\ n = • • (2) 

n + l J Vn 1 

The steady-state condition for the continuum requires that the number of 
photo-ionizations/sec. be equal to the number of recaptures. Although 
atoms can be ionized only from the ground-level, recaptures may occur 
from any level. Thus, 


ionizations from 
ground-level 



recaptures on 
all levels. 


( 3 ) 


This equation can also be regarded as a mechanistic equation, since it 
traces the history of electrons photo-electrically ejected from the ground- 
level which are subsequently captured on all the levels of the atom. Now 
equations (1), (2), and (3) suffice to fix the relative populations of the levels 
if the character of the radiation field is specified. That is, the condition of 
statistical equilibrium or stationarity, as it is sometimes called, suffices to 
fix the Balmer decrement, if the incident radiation field and the electron 
temperature are known. Notice that F ln , F iK , etc., involve L as well as 
known atomic parameters, whereas F K „, iw, etc., do not depend directly 
on /„. If we wish to determine, for example, the electron temperature of 
a gas exposed to a given radiation field, we need another relationship. This 
is the equation of conservation of energy which expresses the condition 
that the energy absorbed/cm. 3 /sec. be equal to that emitted. We neglect 
collision processes and assume the nebula to be purely hydrogenic. Later 
we shall see what effects the “impurities” such as O, Ne, and N 
may have. 

With each radiative transition nn', there is associated an energy hv w. 
Consider the energy radiated by captures of electrons on discrete levels, 
by subsequent cascading, and by free-free transitions. The sum of these 
contributions is the total energy emitted/cm. 3 /sec. The amount of energy 
emitted by recapture from the continuum to a discrete level n will be 


/*CO 

FxnhVxndv. 

Vn 
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We sum over all the energies hv m emitted in recaptures in level n, and then 

over all levels n of the atom, thus, 

eo 

V F m hv xn dv. 

1 J Vn 

This is the total energy radiated in the recaptures. Next there are the 
discrete emissions. An atom in level n may go to any lower level ri with 
the emission of energy hv„„\ Hence the total amount of energy emitted 
by atoms cascading downwards from the particular level n will be 


n—l 



When we sum over all the levels n, we obtain 

co n— 1 

V 2 F„„'hv„„\ 

2 1 

Finally, there are the free-free emissions. When in the presence of an ion, 
an electron whose energy falls in the range dv K at * jumps to a state of 
lower energy at x', it emits energy hv KK \ The sum of all downward jumps 
from the interval dv K yields the emission 


dv„ 


F m 'hv m 'dv m '. 


The s umma tion over all downward transitions will be 


% ( 

% 


oj 


Fwhvn'dvxdv* 


The absorptions consist solely of photo-ionizations from the ground-level 
and discrete transitions to the upper level, viz., 


F lx hv lK dv and ^ 

Jn 2 

We now equate the total energy absorbed in each unit volume to the energy 
emitted. The equation for the conservation of energy in a gaseous nebula 
in pure radiative equilibrium is 



/%co 


f Fxx'hv^'dvxdv*' 


J oj 0 


— Fixhv lx dv -f- 2 F in hv ln . (4) 

J*', 2 

This equation can be employed to derive the relation between the electron 
temperature T t and the temperature of the central star T y for a thin 
nebular shell. The same relation may be derived more easily with the aid 
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of an additional equation for processes involving the free electrons. Energy 
supplied to the electrons by photo-detachment must equal that emitted in 
free-free transitions, captures on all levels of the atom, and subsequent 
cascade to the ground-level. The number of electrons captured in each 
level n per cm. 3 per sec. must equal the number contributed by n to the 
ground-level, both by direct transition and by cascade through lower levels 
n'. In passing from level n to level 1, such atoms will emit a total energy 
hv„ j. Hence 


energy absorbed by 
photo-ionization 

%CO 

F lx hv lx dv 

* v i 


fj 


energy emitted in , energy emitted in recapture and 

free-free transitions ' subsequent cascade to ground-level 


Fxx'hvxx'dv, 


\dv„' + ^ 


Fxnh{Vxn~\~ V n \)dv 


V n 


0 J 0 


F x x f hvxx'dvx'dv x -j- ^ hv nX 


oo /* 

■2 

1 J ' 


Fxndv + > Fx n hVxndv. 


( 5 ) 


This equation may be regarded as of a mechanistic nature. 

We must now write down the explicit equations for the F’s and cast the 
equations (1) to (5) into a form that will permit actual calculations to be 
made. To accomplish this we will have to look into some of the physics 
involved a little more closely. 

The total amount of radiation absorbed in a transition between two 
discrete levels ri and n will be 


E n 'n — F n 'nhv n ' n — (n„' Nn) 4nl v fn’n, . ( 6 ) 

where N„> and N„ are, respectively, the numbers of atoms in the lower and 
upper levels of the transition, cv and m n are the statistical weights of the 
two levels, and /„ represents the intensity of the radiation impinging upon 
the atoms in the volume element considered. That is. 


L=W, 


1 


2hv 3 


c 2 e hv i kT ' — j ’ 


( 7 ) 


where W v is the dilution factor which in general will depend both upon the 
position of the volume element in the nebula and on the density. T x 
appears as a parameter which we may associate with the ultra-violet colour 
temperature of the central star. We assume that L is constant over the 
effective width of the absorption coefficient a v , so that we may make use 
of the relation 

f *<»'«)*=“/«'.. 


( 8 ) 
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For hydrogen, the oscillator strength, f„' n , is given by (5) 

J ” 3 VS. ■».' 

\n’ 2 n 2 / 

where g„„' is the so-called Gaunt correction factor to Kramers’ formula. 
Mehzel and Pekeris have given expressions for the calculation of g m ', 
while Baker and Menzel have calculated adequate tables of this quantity. 

The factor in parenthesis on the right-hand side of equation (6) takes 
into account the stimulated emissions which more properly should be 
called negative absorptions. Because of the extreme dilution of the radia- 
tion in a gaseous nebula we may neglect these negative absorptions. Thus, 
if /, is constant over the width of the line, the number of transitions from 
level n' to n per cm. 3 per sec will be 

F„‘ n = AnNn’L — fn'n 7" • • • (10) 

me Hv„'„ 


1 1 


1 1 \ 3 |« 3 n' 3 


gnu’, 


( 9 ) 


Now the electrons in the gas will have a velocity distribution which is very 
closely Maxwellian, appropriate to some temperature T t . Menzel pointed 
out that a considerable simplification in the treatment would result if we 
refer all processes to this kinetic temperature of the electrons, 7V 7) . Except 
for stimulated captures, electrons will recombine with ions at the same 
rate as in thermal equilibrium at temperature T t . Menzel expresses the 
number of atoms in level n in terms of the number of ions/cm. 3 , N t , and 
the electron density, N e , by means of the combined ionization and 
Boltzmann equation for hydrogen, viz., 


xr U \T \T h 3 &n hRZ’ln‘kT c 

N W * (W- T' 


(ii) 


where b n is a factor that measures the degree of departure from thermo- 
dynamic equilibrium at the electron temperature T e and for concentrations 
of electrons and ions N e and N respectively. In strict thermodynamic 
equilibrium b n = 1. The calculation of the statistical equilibrium in a 
gaseous nebula and the Balmer decrement for a given set of initial condi- 
tions is essentially the problem of the determination of the bfs. The 
atomic number, Z, is one for hydrogen. 

Anticipating the results of Section 2, we might remark that if the nebula 
is so thin that Lyman line radiation can freely escape, b Y depends on the 
incident radiation field (i.e. T x and W,), while b 2 , b 2 , b 4 , etc., will depend 
only on T ( . If the optical depth in the Lyman lines is large, the factors b 2 , 
b 4 , etc., still are functions of T< only, but will differ from the values for 
the thin nebula because of the breaking down of the Lyman line quanta. 


PHYSICAL PROCESSES IN GASEOUS NEBULAE 119 
If we now recall that the frequency, v(n'ri) of a hydrogen line is given by 




( 12 ) 


where R is the Rydberg constant, and if we let 

v _hRZ 2 1-570 xlO 5 
m ~ n*kT,~ n 2 T t * ( 

and make use of equations (7), (9), and (11), we can write equation (10) 
in the form 

KZ 4 b n -g e hv ' kTt 2e*» 


Fn ’ n ~ NiN ‘ Wv TjT2 ~V 7^=T\ n(n 2 -n' 2 ) ’ 
where g nn > is denoted by g and K is given by (7) 
h 3 %n 2 E 2 R 2 2 4 


K= 


=3-260 x 10-6. 


(14) 


(15) 


(2 nmk) 312 me 3 3V3 n 

Similarly, the number of downward transitions/cm. 3 /sec. from level 
n to ri is 

F„n'=N„A„n', . . . (16) 

where A m > is the Einstein coefficient of spontaneous emission. A nn ' is related 
to the oscillator strength f n '„ by <8> 


w n ' 8n 2 e 2 v 2 

Ann ' — Jn'tu 


(17) 


m„ me 3 

Using this relationship in equation (16), together with equations (9), (11), 
and (15), we obtain 

KZ 4 g 2 e Kn 


Fnn’=N,N< 




(18) 


7V' 2 n’ n (n 2 —n' 2 ) 

Notice that the radiation field L(n’ri) does not enter explicitly into this 
expression. 

For the energies involved in the n'-n transitions we shall have, similarly 


E . - NlN L ggg ^ 

Tin „s „-i e • 


and 


E m ’=N,N . 


KZ* 


— **’■ 

• (19) 


- (20) 


T 3 ' 2 n' 3 n 3 

The number of photo-ionizations from level n' to the interval v to v-\-dv is 

Fn'fiv—AnL ”, — N„'dv, 


hv 


( 21 ) 
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where a„(v) is the coefficient of continuous absorption. It is given by 

. . ( 22 ) 


32 n 2 e 6 RZ 4 
a ^~3V3 ch 3 n 5 v 3 gnx ’ 


where g„ x is the Gaunt factor. If we now employ equations (7), (11), (21), 
and (22) we shall get 

„ J XTXT KZ* bn'W* g M dv 
Fn’ x dv—NlN( YJji ^ivtkTi — | n>i e v ■ • ( 23 > 

Similarly, 

Fn'Jivdv =E n 'Jv=N t N ( +~ 3 e *" hcIv ’ ^ 

is the energy absorbed in transitions from level n' to the interval v to v+dv 
in the continuum. 

The number of recaptures/cm. 3 /sec. from the interval v to v+dv in the 
continuum to the level n' is given by <9) 


F >dv=N,N t — — e~ hvlkTt - 

r x „av—i'w'i t 2 w>3 e v 


and the corresponding energy emitted will be 

KZ* ge Xn ' 


E xn 'dv=NiN t 


e hvikTt hdv. 


(25) 


(26) 


T, t 3 ' 2 n' 3 

To handle equations of the type (1), (2), (3), (4), and (5) we need the 
integrals over the entire continuum. The total number of transitions from 
the ground-level to the continuum is obtained by setting n'=l in equation 
(23) and integrating from the Lyman limit, v x —RZ 2 , to infinity. Thus 


00 XZ 4 

F lx dv=N t N<— b x e x ‘ 


where we put 


V, 


y i= 


Tin 

hRZ 2 hv x 


Wgdy 

As-iy 


(27) 


(28) 


kT x kT x 

The corresponding energy absorbed/cm. 3 /sec. in the bound-free transitions 
will be 

KZ* 


E x Jv=NiN<- — b x kT x e 


Vl 


T 3 > 2 


* rwgdy 
s-l' 

J y x 


(29) 


The frequency dependence of g may be taken from the work of Menzel 
and Pekeris. The total number of recaptures/cm. 3 /sec. on ri may be 
computed with the aid of equation (25), viz., 

KZ* g 


En'dv^NN* 


TJI2 3 




(30) 
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where 

S„=e x *E 1 (X„). 


Here E^x) is the exponential function defined by 


Ei(x)= 


i; 


e 


-yx 


y 


dy. 


(31) 

(32) 


The mean value of the Gaunt factor over the continuum is denoted by g. 
Similarly, the total energy emitted in transitions from the continuum to 
the level ri is 


*oo 

E x „'dv=NiN € 
J vn 


kKZ 4 g 1 
T e 1/2 «' 3 ‘ 


(33) 


We must now calculate the energy emitted in a free-free transition for an 
electron moving with a velocity between v and v+dv, which, after radiat- 
ing a quantum, moves with a velocity between v’ and v’+dv’. In other 
words, we want to calculate the energy Em'dv x dv„' radiated in the transition 
from the frequency range dv x at « to the frequency range dv x > at In 
equation (26) let us replace n' by —be', so that 


and 


RZ 1 

X 2 


hdv—mvdv— 


2hRZ 2 


dx. 


(34) 


If we then integrate the resulting expression for Zw over all values of x 
greater than x we obtain for the free-free emission at v 


dv 


(*Vx 

E xx 'dv x ‘=N i N ( 

0 2RT' 1 ' 2 


kKZ 2 . _ 
ge 


hvIkT, 


dv. 


(35) 


Finally, it is necessary to integrate over all dv to get the total energy radiated 
in the free-free transitions 


o J 


v*' = 


Em'dvdvx' =NiN e 
o 


gk 2 KZ 2 T e 112 
2 Rh 


(36) 


These formulae comprise the set of equations needed for the discussion of 
a hydrogen nebula. To calculate the relative intensities of the Balmer lines 
we may employ equation (2) in conjunction with equations (18), (27), and 
(30) and solve for the b„'s as did Menzel and Baker. If there is no line 
radiation, F ln =0, and the solution of the equations of statistical equili- 
brium for any level is relatively simple. If, however, there is line radiation 
in the Lyman lines, the populations of the excited levels and hence the 
Balmer decrement will be profoundly affected. 
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2. The Balmer Decrement 

For a specified set of initial conditions, the Balmer decrement is one 
quantity that may be calculated exactly and compared with the observa- 
tions and experimental results. <9) Menzel and Baker 131 considered first the 
example where the line radiation may be neglected. That is, the central 
star is supposed to have perfectly black Lyman lines. Electrons are photo- 
ionized by radiation beyond the Lyman limit and are recaptured in various 
levels. The atoms then cascade downward to the ground-level. For n 2:2, 
each level has an equation of the form 


2 F ’"-+ 

f*°° n— 1 

| Fxndv = Fnn • 

• (37) 

n" — n+l * 

1 Vn n' = \ 


If we write 



2 n 2 

U “ — 

#i- 1 

and = Unn'grm' 

• (38) 

«"(n" 2 — n 2 ) 

1 



and employ equations (18) and (30) together with the relevant definitions, 
we obtain for each level, n, an equation of the form 


NiN e 


KZ 4 

TA a 


2 b n "e Xn 'gn"nUn"n+gS„ -b„e Xn t„ 
n" =n+l 



(39) 


Since 2<.n<oo, equation (39) amounts to an infinite set of simultaneous 
equations with the b„’s as the unknowns. As a first approach we may set 
g—l and solve the equations by the method of successive approximations. 
Dividing out the common factor NtN e KZ 4 Tr il2 , we may solve for b„ as 
follows 


S„+ ^ b n "e Xn "Un"n 


b„=- 


e Xn t„ 


(40) 


and by successive substitutions 

f b„"e x ""u n ~ n = y s -^+ 2 ^ 2 ^r 1 + etc - 

n"^+ 1 „"£r+l tn " n"^+l j4*+ 1 tj 

■ (41) 

so that we may write 

. . . (42) 


bn- 


S„+V„ 

' e x "t n ’ 


where 


r _ V SjUin _|_ 'C "V SjUjjUjn 
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+ • 


( 43 ) 
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Each of these summations can be shown to converge. Now b n approaches 
1 as n increases without bound. Similarly, S n ^2 In n and t n -+ 3 In n. Hence 
S„lt n -+2/3 as n increases without bound, and 


S, „ 2 ^ 


2 0 / z 
U Uln< 3 


n + 1 


Ui„<-z In n. 
3 *+t 3 


(44) 


Menzel and Baker considered two models which they called A and B. 
Model A is the one we have already described. Equation (37) is valid. In 
sub-model Ai the Gaunt factor g is set equal to unity throughout, and in 
the sub-model A 2 the exact values of the g factors as calculated by the 
formulae of Menzel and Pekeris <5) are employed. A comparison of the 
b„’s computed for the approximate (Ai) and exact (A 2 ) models will show 
to what extent calculations based on the simpler assumption may be 
applied. In their model B, Menzel and Baker take care of the Lyman line 
radiation that is produced in the nebula itself by the degradation of Lyman 
continuous quanta by assuming that the number of absorptions from level 
1 to n is exactly equal to the number of emissions from level n to 1. That 
is, Fi„=F„i, so that 

00 n - 1 

Fxndv— ^ F nn ‘. . . (45) 

Vn 2 


00 

2 Fn " n+ 


=/i+i 


If we redefine t„ as 


1 

tn= ^ Unn'gnn’ (Case B) 


(46) 


2 

the solution may be carried out as before. 

Menzel and his colleagues' 10 * also treated a model of a relatively trans- 
parent nebula, similar to A, in that all the Lyman line radiation produced 
in the nebula as a result of cyclical processes is allowed to escape. The 
nuclear star, however, is assumed to radiate like a black body in the region 
of the Lyman lines. The stellar line radiation profoundly steepens the 
decrement, making Ha much stronger than Hfi. The equation of statistical 
equihbrium for this model C may be written down with the aid of equations 
(2), (14), (18), and (30). 


NNKZ* 


| 2 b„"e X " 'g n ” n Un"n+gS n 

r bie h,ikT' j 

+ ^ / ln e hvlkT l j J n 2_l g I 


=0. 


(47) 


Here bi measures the deviation of the population in the ground-level from 
thermodynamic equihbrium. It may be evaluated from the ionization 
formula for hydrogen (see equation (50)) for any electron temperature T t 
and radiation field. 
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Equation (47) may be solved in the same way as equation (37) was 
solved. We have 

bj> Xn t n =Snr+V m , . . • (48) 

where 


S nr -S„+ W,„ [pcjsjr— - J , ■ ■ (49) 


where V„ r is defined in terms of S„ r in the same way as V„ was expressed 
in terms of S„. The two terms in S nr , although grouped together for 
convenience, do not represent physically similar quantities, since S„ refers 
to the recaptures of electrons on level n u whereas the second term arises 
from line excitations from the first level to the nth level. 

Before we can calculate S„ r we must obtain an expression for b x . Let us 
substitute equations (27) and (30) into equation (3), which states that the 
number of recaptures on all levels equals the number of photo-ionizations 
from the ground-level. We obtain 


N,N< P fce* 




W u gdy 

yW- 1 ) 


=N,N t 


KZ* 
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V SSn 

k^’ 


which reduces to 




e* 1 W, 


'lx 


dy 


yie y ~ 1) 


(50) 


where 



(51) 


which depends only on the electron temperature. Equation (50) enables 
us to compute the ionization of hydrogen since, once b x is specified, 
Ni/NiNe can be found at once from equation (1 1). The order of magnitude 
of b\ is determined by the dilution factor; i.e. b x varies as 1 /W. The reason 
for this may be easily seen. In the gaseous nebula, recaptures must go on 
at essentially the same rate as in thermodynamic equilibrium at a tempera- 
ture T t . On the other hand, the rate of photo-ionization is cut down by 
a factor which depends on T x and W .* Hence a great concentration of 
atoms is built up in the ground-level. If equation (50) is now substituted 
in equation (49) 


S„r=S„+ ^ 
W i* 


G T( 2*2(«2-l)- 1 
■" dy (eW^-ff 


( 52 ) 


# There is no exact proportionality because T e is in general not equal to 7V 
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For an optically thin nebula surrounding a star radiating as a black body 
at temperature 7), W will be determined by the geometrical dilution and 
W\ n —W\ K . If the nebula is optically thick, the radiation field will be 
appreciably modified by photo-ionizations and recaptures in the nebula. 
Then JV ln and W Xk may become no longer even approximately equal and 
the Balmer decrement can become appreciably modified. Model C corre- 
sponds to an optically thin nebula which will be one of very low surface 
brightness. Hence it will not be applicable to ordinary planetary nebulae, 
but may be of value in discussions of gaseous diffuse nebulae of very low 
surface brightness. 



Fig. IV : 3. Relation between n and log b n for T f = 10,000° K. 
for models A\, A 2 , B, and C. 

The computed values of b„ depend upon the temperature and particu- 
larly upon the mode of excitation. (4, 10> In Fig. 3 we plot the variation of 
b n with n for 10,000°K. for each of the three models A u A 2 , B, and C. 
Notice that the difference between the curves for A x and A 2 is not small. 
That is, the neglect of the g factor in A x has a pronounced effect on the 
computed value of b„. The effect on the Balmer decrement is much smaller. 
As n increases without bound, b n -> 1 for all models. 

The relative intensities of the Balmer lines may be expressed in terms of 
the intensity of Hp as unity. With the aid of equation (20) we find 

Ll FnlhVn2 bn gnl 4 3 X n ~X n , ^2 . (53) 

hi F 42 hv 42 b 4 g 42 M 3 " b 4 I \ 2 


where 7° is the intensity in thermodynamic equilibrium at temperature T ( . 
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Table IV : 1 gives the theoretical Balmer decrements for models A u A 2 , B, 
and C. The decrement is sensitive to the mode of excitation, i.e. to the 
radiation field, but not to the electron temperature. 


Table IV : 1 

The Theoretical Balmer Decrements for Models A\, A 2 , B, and C. 

(The Balmer line intensities are tabulated in terms of H/J as 1-0) 


Model A\ (g=l-0) 


X 

n 

T € = 5000° 

10,000° 

20,000° 

40,000° 

6563 

3 

i 1-953 

2-035 

j 2-118 

2-205 

4861 

4 

1-000 

1-000 

1-000 

1-000 

4340 

5 

0-592 

0-576 

0-561 

0-546 

4101 

6 

0*389 

0-368 

0-350 

0-334 

3969 

7 

0-271 

0-252 

0-235 

0-220 

3889 

8 

0-198 

0-180 

0-165 

0-152 

3835 

9 

0-149 

0-135 

0-121 

0-111 

3797 

10 

0-115 

0-104 

0-091 

0-083 

3770 

1 11 

0092 

0081 

0*071 

0*063 

3750 

12 

0-074 

0-065 

0-056 

0-050 

3734 

13 

0-060 

0052 

0-045 

0040 

3722 

14 

0-050 

0-043 

0-037 

0-032 

3712 

15 

0 042 

0-036 

0-030 

0-026 

3683 

20 

0-020 

0-017 

0-014 

0-012 

3669 

25 

0-011 

0-009 

0007 

0 006 

3662 

30 

0-007 

0005 

0-004 

0004 


Model A 2 (g=g) 


X 

n 





6563 

3 

1-859 

1-915 

1-984 

2-073 

4861 

4 





4340 

5 

0-598 

0-576 

0-560 

0*548 

4101 

6 

0-396 

0-374 

0-353 

0-338 

3969 

7 

0-274 

0-255 

0-236 

0-221 

3889 

8 

0-199 

0-182 

0-165 

0-153 

3835 

9 

0-149 

0-136 

0-120 

0-111 

3797 

10 

0-114 

0-105 

0-091 

0-082 

3770 

11 

0-090 

0-081 

0-070 

0-062 

3750 

12 

0-073 

0-065 

0-055 

0-050 

3734 

13 

0-059 


0 043 

0-039 

3722 

14 

0-049 

0-042 

0-036 

0-032 

3712 

15 

0-041 


0-030 

0-025 

3683 

20 

0-019 

0-016 

0014 

0-012 

3669 

25 

0-011 


0007 


3662 

30 

0006 


0 004 

0 003 
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Model B 


A 

n 

T e = 5000° 

10,000° 

20,000° 

40,000° 

6563 

3 

2-43 

2*50 

2*59 

2*71 

4861 

4 

1 00 

1*00 

1 00 

1*00 


5 

0-53 

0*51 

0*50 

0*49 

4101 

6 

0-33 

0*31 

0*30 

0*29 


7 

0*223 

0-206 

0*192 


3889 

8 

0*157 

0*143 

0*130 


3835 

9 

0*115 

0*105 

0*093 

jhH 

3797 

10 

0*087 

0*079 

0*069 

0062 

3712 

15 

0*030 

0*025 

0*021 

0*018 

3683 

20 

0*014 

0*012 

0010 

0*009 

3669 

25 

0*007 

0 006 

0 005 

0004 

3662 

30 

0 004 

0003 

0 003 

0 002 


Model C 


A 

n 





6563 

3 

11*8 

5*3 

3*6 

3*0 

4861 

4 



1*0 


4340 

5 

0*25 


0*42 

0-46 

4101 

6 

■ 

0*16 

0*21 

0*25 

3969 

7 



0*125 

0*15 

3889 

8 

0*027 

0*054 

0*070 

0*096 

3835 

9 


0*036 

0*054 


3797 

10 

0*012 

0*025 

0*038 


3770 

11 



0*027 


3750 

12 

■ 

0*013 


0*027 

3734 

13 


0*010 

0*016 

0*021 

3722 

14 


M vSm 

0*013 

0*017 

3712 

15 


1 

0*010 

0*013 


The numerical values for models A lf A 2 , and B are reproduced from Baker, J. G., and 
Menzel, D. H., Ap. J., 88, 52 (1938), Tables 7 and 8. 

The data for Model C are based on the b n factors calculated by Baker, J. G., Menzel, D. H., 
and Aller, L. H., Ap. J., 88, 427 (1938). The corresponding intensity values for 10,000, 
20,000, and 40,000° K have been published by Chamberlain, J. W., Ap. /., 117 , 387 (1953). 


First, how do the calculations of the decrement by Menzel and Baker 
compare with the earlier ones by Cillie? Cillie’s procedure amounts to 
taking only the first fourteen equations of the type (45), taking n" only up 
to 14, putting in accurate g„'n values and setting g for the recaptures equal 
to unity and solving for the bn s. The effect of the neglect of all levels 
beyond «=14 is particularly serious for the higher transitions. Cillie’s 
Balmer decrements are systematically too slow and the higher the electron 
temperature the greater the discrepancy. 

Comparison between theory and observation is not easy, because the 
observed Balmer decrements are affected by space absorption. If we knew 
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the amount of absorbing material between us and the nebula we could 
calculate the corrections to be applied to the observed intensities. Many 
years ago G. A. Shajn <n) showed that the observed Balmer decrement 
depended on the galactic latitude of the planetary. The nebulae in low 
latitudes show a sensibly greater decrement than those in high latitudes, 
a result understandable in view of the concentration of absorbing particles 
near the Milky Way. Louis Berman <12) made a much more detailed study 
of the problem. In order to eliminate the effects of any possible relation- 
ship between the Balmer decrement and the degree of excitation of the 

Table IV : 2 


The Balmer Decrement as Measured by Berman 


X 

n 

Group I 

8 Nebulae 

Group II 

13 Nebulae 

Group III 

17 Nebulae 

6563 

3 

39 



27*7 

4861 

4 

10 

10 

10 

4340 

5 

4-5 

4*8 

5*0 

4101 

6 

2-1 

2*4 

2*6 

3969 

7 

1*3 

1-4 

1*8 

3889 

8 

M: 

1*0 

1*2 

3835 

9 

0*8: 

0*5 

0*9 


Monthly Notices , Royal Astron. Soc 96, 898 (1936). 


nebula, he grouped these nebulae into three classes, I, II, and III, accord- 
ing to the brightness of the principal nebular lines Ni and N 2 as compared 
with tf/S. Berman corrected for space absorption on the assumption that 
the interstellar absorbing material was evenly distributed in galactic longi- 
tude and fell off exponentially with height above the galactic plane. Then 
utilizing the distance of each nebula (which he had estimated from statisti- 
cal investigations, <13) the observed line intensities, and the galactic latitude, 
he made a solution for the coefficient of absorption per kiloparsec at 24861, 
the exponent n in an assumed law of selective absorption A - ", and the 
Balmer decrement for each group. He derived an absorption coefficient 
of 0-53 magnitude per kiloparsec at Hfi, and an absorption varying as 
A -2,27 . We summarize Berman’s results for the Balmer decrement in 
Table 2. The decrement is steeper than in either case A or B and varies 
for the different groups. The extreme patchiness of the distribution of the 
absorbing material throughout the galaxy vitiates Berman’s method. Much 
more extensive photometric data on hydrogen line intensities are now 
available. For a comparison of theory with observations therefore we may 
utilize a series of measurements obtained at the Lick Observatory in 1943-5 
with the Crossley reflector and quartz spectrograph. <14) The nebulae were 
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divided into three groups, stellar objects, low excitation objects of diameter 
5" or more, and high excitation objects. Within each group, space 
absorption produces considerable scatter, but its effect is always to steepen 
the gradient. Hence we may suppose that the nebulae showing the slowest 
gradient are least affected by space absorption. If one reduces the gradient 
for each nebula (by correcting for space absorption) to agree in the mean 
with the results for the nebulae of lowest gradient in each group, there is 


Table IV : 3 


The Balmer Decrement 
Comparison Between Theory and Observation 


2 

n 

Observed 

Theoretical 

Low 

Excitation 

High 

Excitation 

T, 

= 14,000° K 

Stellar 

Nebulae 

Non-stellar 

Nebulae 

Nebulae 

A 

B 

C 

4861 

4 

! 







, 1 



4340 

5 

5*25 

5-66 

5*65 

5*68 

5*05 

3*85 

4101 

6 

2-97 

3-31 

3*13 

3*62 

3*05 

1*79 

3969 

7 

1*93 

2-20 

1*99 

2*46 

1*99 

1*08 

3889 

8 

1-44 

1*50 

1*32 

1*74 

1*37 

0*62 

3835 

9 

100 

1-03 

0*93 

1*28 

0*99 

0*45 

3797 

10 

0-74 

0-85 

0*66 

0*98 

0*74 

0*32 

3770 

11 

0-57 

0*56 

0*49 

0*75 

0*57 

0*22 

3750 

12 

0-45 

0*46 

0*36 

0*60 

0*46 

0*16 

3734 

13 

0*42 

— 

— . 

0*48 

0*35 

0*13 

3722 

14 

0-38 

— 

— 

0*39 

0*28 

0*10 

3712 

15 

1 

0-30 

1 

I 

— 

0*33 

0*23 

0*08 


The observational data are taken fromAstrophysical Journal, 113, 138 (Univ. of Chicago Press, 
1951). The theoretical intensities are interpolated from Table 1. 


obtained an upper limit to the steepness of the Balmer decrement. Table 
IV : 3 compares the observed Balmer decrement for the three groups with the 
theoretical calculations A, B, and C for T £ =14,000°K., the mean electron 
temperature of the fifteen planetaries for which the most accurate photo- 
metric data are available. The Balmer decrement is closely similar for the 
three groups of nebula, and there is no evidence that the high excitation 
nebulae show a steeper gradient than do the others. The decrements are 
not as steep as those obtained by Berman. They agree reasonably well 
with the predictions of model B, a conclusion that is not surprising in view 
of the fact that B applies to a thick shell, whereas models A and C apply 
to thin shells of necessarily low surface brightness. 

Although a rigorous theoretical treatment of the Balmer decrement 
would require a solution of the transfer problem in the Lyman lines with 
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rather awkward boundary condition, model B should be a rather good 
approximation for an optically thick nebula. For such an object the 
influence of the energy distribution in the ultra-violet spectrum of the 
central star will not be important; the controlling factor will be the 
electron temperature. 

The Balmer spectrum observed in a discharge tube arises as a conse- 
quence of collisional excitation by electrons which do not even follow a 
Maxwellian distribution. Hence the Balmer decrement is sensitive to the 
exact conditions of excitation and bears little resemblance to the decrement 
observed in the nebulae or stars. 

To overcome these di ffi culties M. C. Johnson 19 ’ measured the Balmer 
decrement produced in the recombination spectrum of an after-glow. 
Mixtures of pure hydrogen, hydrogen-neon, or hydrogen-helium mixtures 
at 0T mm. pressure were excited in an electrode-less cylinder by a 350-watt, 
3-5 megacycles/sec. r.f. oscillator. The after-glow was isolated by a 
revolving shutter synchronized with a cut-off circuit in the r.f. generator. 

Comparison with the theoretical decrements may be made to infer the 
conditions in the after-glow and to study the possible influences of super- 
elastic collisions, non-compensated fluorescent cycles, etc. 

Such experiments should prove useful for explaining the Balmer decre- 
ment phenomena in stellar atmospheres. The nebular conditions of 
extremely long relaxation times, because of the low densities involved, are 
impossible to duplicate experimentally. 

One defect in the theoretical calculations of the Balmer decrement must 
be mentioned. In the work of Menzel and Baker and of Cillie, all the levels 
of a given n are treated together, and it is assumed that throughout the 
cascading process the atoms are distributed among the different levels of 
the same n, but different / according to their statistical weights. Actually 
each term characterized by a given (n, l ) should have been treated separately. 
The equations of statistical equilibrium should be written for each (n, l) 
value in terms of appropriate expressions for F„iyr, etc. In place of 
equation (9), for example, we should then use the corresponding expression 
for f(nT; nl ). 

3. The Theoretical Electron Temperature 

The conditions of a steady state (statistical equilibrium) and conserva- 
tion of energy in radiative processes impose a relation between the electron 
temperature T e and the ultra-violet colour temperature of the central star, 
Ti, provided collisional processes can be neglected. 

We would expect the relation between 7) and T c to involve only processes 
concerning the continuum, i.e. the nature of the ultra-violet radiation field 
and the dissipation of energy by processes such as free-free emissions. The 
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line excitation in the nebula should have no influence on the relationship. 
Therefore we make use of equation (5) and substitute from equations (29), 
(30), (33), and (36). After cancellation of the factor 2NN t KZ%RTr il2 
and neglecting g we have 



where l 


and G Te was defined in equation (51). If b x is eliminated between equations 
(50) and (54) there results 



Wdy Gt 

. . (55) 


The right-hand side of the equation depends only on T e , whereas the left- 
hand side depends only on the incident radiation field. If W lK depends 
only on geometrical factors and not on the frequency it can be cancelled 
out of the equation, and this side of the equation will depend only on T u 
the temperature of the central star. We would expect this to be true for 
a nebula that is optically thin in the Lyman continuum. A nebula of 
optical thickness 0-1 in the continuum may still have an optical thickness 
of 10 2 or 10 3 in Lyman a, however. Then we can write, symbolically 

fi(Ti)=f 2 (T e ). . . . (56) 

The solution may be found by numerical methods (see Table IV : 4). When 
T\ is small, T^Ti, but as T x increases, T e departs more and more from T x . 
The reason that T e falls farther and farther behind T x is to be sought in 
the free-free emissions which are responsible for the T e 2 term in equation 
(54). If collisional processes are taken into account T e will become even 
smaller. 

It is of interest to see what the relationship between T x and T e will be 
for a nebula of finite optical thickness, i.e. one where the shell is sufficiently 
thick for the original intensity distribution of the radiation from the central 
star to be appreciably modified by absorption and re-emission by atoms 
within the nebula. The problem of the transfer of radiation in the Lyman 
continuum through a pure hydrogen nebula in which no collisional 
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processes occur can be solved by a method of successive approximations. 
A radial expansion of the nebula will introduce great complications in the 
treatment of the transfer of radiation in the lines, but will have no effect 
on the continuum. Milne 115 ' showed that the boundary conditions for a 
thin spherical shell were very simple, while Ambarzumian 116 ' set up 
the transfer equation with the continuum regarded as though it were 
a single state. He used the Schuster-Schwarzschild approximation while 
Chandrasekhar 117 ' gave a treatment of the same problem with the Eddington 

Table IV : 4 

The Theoretical Relation between the Electron Temperature and the 
Temperature of the Central Star for a Thin Nebula consisting of pure 

hydrogen.* 


Temperature of Central Star 

Electron Temperature 

T i 

T. 

5,000° K 

5,000° K 

10,000 

9,500 

20,000 

18,000 

40,000 

34,000 

80,000 

57,000 

160,000 

92,000 

320,000 

132,000 


* Astrophysical Journal , 88, 426 (1938). 


approximation. Actually, even in the first approximation, the continuum 
cannot be treated as though it were a single state. There are F lK dv photo- 
ionizations per cm. 3 /sec. by absorption of radiation between the frequency 
v and v-\-dv. The number of recaptures on the ground-level/cm. 3 /sec. 
F Kl dv will not be simply F\ K pvdv, where pv is the probability of recapture on 
the ground-level, because the velocities of the electrons have been reshuffled 
by collisions and energy has been lost by free-free emissions. The electrons 
are recaptured from a Maxwellian velocity distribution appropriate to a 
temperature T c , whereas the velocity distribution of the electrons injected 
into the continuum by photo-ionization is very different from a Maxwellian 
distribution. Thus there is an interlocking between the various states, dv, 
of the continuum which must be taken into account in the treatment of 
the transfer of radiation. The effect of this interlocking is to subtract 
energy from the higher frequencies and transfer it to frequencies near the 
series limit. 

Calculations have been carried out for geometrically thin shells of optical 
thicknesses r 0 =l, 3, and 10 at the Lyman limit which are illuminated by 
a star shining as a black body at 80,000° K. The results for the shells of 
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optical thicknesses r 0 =l and 10 are shown in Fig. 4(a). <18) At the inn er 
boundary of the shell an excess of ultra-violet radiation is built up near 
the Lyman limit. At t ~ 0-7 in the thin nebula ( t „= 1 ), at r~l-3 in the 
thicker nebula (r 0 =3), and at r~2 in the thickest nebula (r 0 =10), the 
dilution factor is very near the geometrical value and it diminishe s towards 
the outer boundary. In the nebula of optical thickness 10, the dilution 
factor at the inner boundary shows about the same dependence on the 
frequency as it does in the nebula of optical thickness 3. Notice that as 
v increases, as is to be expected since t -> 0 . Equation (55) 

permits a calculation of the electron temperature, since W is known at 
each point in the shell. The results show that in all three shells the theoreti- 
cal electron temperature at the inner boundary lies near the value derived 
for the thin shell. It rises gradually outwards, reading 76,000° K. at the 
outer boundary of the shell of optical thickness 3 and 130,000° at the 
boundary of the shell of optical thickness 10. 

These results apply, of course, only to a hypothetical steady-state nebula 
in which only radiative processes occur. If inelastic collisions are permitted 
the temperature of the electron gas is lowered drastically, and even in a 
pure hydrogen nebula could never reach values such as 100,000° K. 
Actually there are strong reasons for believing that the electron tempera- 
tures in the luminous rings of most planetary nebulae lie in the neighbour- 
hood of 1 0,000° K. to 20,000° K. Hence the transfer of radiation in the 
Lyman continuum will be not only quantitatively but also qualitatively 
different from the results given in Fig. 4(a). 

The physical picture of the extinction of the ultra-violet starlight in a 
thick nebular shell may be seen with the aid of the following considerations. 
Consider a frequency interval v to v \ dv in the continuum. Energy will be 
absorbed at a rate proportional to gv~ l (of equation (22)), where g depends 
slowly on the frequency. The re-emission of Lyman continuous radiation 
in the same frequency interval depends on the number of electrons with 
velocities between v and v+dv, where 

h tv=hR+i/2mv 2 , 

that are recaptured/cm. 3 /sec. on the ground-level. That is, it will depend 
ge x 'e~ h r/kTe (cf. equation (25)). Looking at the process in a slightly 
different way, we may remark that the absorption depends on the energy 
distribution in the incident radiation field, whereas the re-emission depends 
on the rate of recapture of electrons from a Maxwellian velocity distribu- 
tion appropriate to some temperature T t . Since T e is of the order of 10,000° 
or 20,000° K., few electrons will have energies as high as 5 or 10 volts, the 
recaptures will be principally of electrons with energies up to 2 or 3 e.v. 
Hence re-emission will occur in frequencies near the Lyman limit where 
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Fig. IV : 4 (a). The Variation of Dilution Factor with Frequency and Optical 
Depth for Nebulae of Total Optical Thicknesses r 0 —l and 10 at the Lyman limit. 

The dilution factor Wix is expressed in units of the geometrical dilution 
factor W g — R 2 /4r 2 ; the frequency, v, is expressed in terms of that of the 
Lyman limit, v x . Qirves are given for r=0, 0-5, and 10 for the nebula of 
optical thickness t 0 =1 and for r=0, 3, 7, and 10 for the nebula of optical 
thickness 10. Similar curves for r 0 =3 were published in Ap. /., 90, 607 (1939), 
by Menzel, Baker, and the writer. The electron temperature at each point is 
calculated from equation (55). 



Fig. IV : 4 (b). The Qualitative Variation of Dilution Factor with Optical Depth 
in a Nebula of Total Optical Thickness r 0 =10 at the Lyman limit. 

The frequency is expressed in terms of the frequency at the Lyman limit and 
the dilution factor in terms of the geometrical dilution factor. The electron 
temperature is held constant at 1 0,000° K. Compare with Fig. IV : 4 (a). 
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radiation will be piled up at the expense of energy absorbed at higher 
frequencies. The latter radiation is simply extinguished in the nebula. 
Fig. 4 (b) shows schematically the behaviour of the radiation in a nebula of 
optical thickness 10 at the Lyman limit. At the inner boundary there is 
some piling up of radiation at frequencies just above the Lyman limit, but 
this excess radiation falls right at frequencies where it is most voraciously 
absorbed. The net effect of the non-equality of 7\ and T e is seen to be an 
enhancement of the rate at which ultra-violet energy is extinguished. These 
results are quite general. More than 3 or 4 e.v. beyond the ionization 
potential of any atom the radiation is simply absorbed and re-emitted at 
longer wavelengths. We shall discuss some aspects of this problem further 
in Chapter VII. 

We must now look more carefully at the reason why T, is depressed, 
even though the temperature of the central star is very high. In a pure 
hydrogen nebula the electron temperature would be regulated by the colli- 
sional excitation of the discrete levels and by collisional ionization. A real 
gaseous nebula contains “impurities” in the form of oxygen, nitrogen, 
neon, and other elements. The ions of these substances possess metastable 
levels a few volts above the ground-level, and the excitation of these levels 
by electron collision acts as a steady attrition on the kinetic energies of the 
free electrons. Once the atom is in the upper level there exists a probability, 
P> that it will be de-excited by a super-elastic encounter, and a probability 
(1 —p) that it will emit a quantum of energy hv F in the form of a forbidden 
transition. If cJ ab represents the number of collisional excitations to 
the excited level B from the lower level A/cmAJsec., then the emis- 
sion/cm. 3 /sec. in the forbidden radiation will be (19) 


Ef — (1 PW AB hv F . 

We saw in Chapter III that once a forbidden quantum is created it simply 
escapes from the nebula without any reabsorption. Therefore the electron 
gas is losing energy in the form of forbidden line radiation. 

The equation of radiative equilibrium for the continuum is now to be 
replaced by the equation of conservation of energy. In place of equation 
(5) we now have 



F K „hv nl dv + 


« co 

0 , 



Et, 

(57) 


where Et represents the energy radiated in forbidden line radiation by the 
ions of type /. Measurements of the forbidden line intensities give us values 
of / in terms of the intensity of H0, 1(Hp ). If the forbidden line radiation 
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is emitted in the same regions in the nebula as are the Balmer lines, we 
may write 


Et=E(H{t) 


It 

W)' 


(58) 


By equation (20) we have that 


E(Hfi) —b 4 


NiN t 2hRKZ 6 g4 2 e x ‘ 
T, ? 12 512 ‘ 


(59) 


Now substitute from equations (29), (30), (33), (36), and (59) into equation 
(57) and cancel out the factor 2NiN e KZ 6 hRT,~ 312 and we recover an 
expression equivalent to equation (54), but with an added term on the 
right-hand side. If we now eliminate b\ with the aid of equation (50) we 
find that the equation for the determination of the electron temperature is 


2hRZ 2 


Ti 


f 

8 

* 1 

2 T 2 + a 

k 1 

+"-1 

J y » 

llhRZ 2 \ 

l2hRZ 2 S 


I 

J y i' 


Wdy 

yW- 1) 


+ 1-61x10-3 


b 4 (T e )e x ‘ Eh 


(60) 


c Te i{my 

which may be written in the symbolic form (similar to equation 
(56), viz. 

fm=fi{T,)+CiT ( ), . . . (61) 


where C(T ( ), which is the last term on the right-hand side of equation (61), 
is the correction term to the 7\ —T e relation for a pure hydrogen nebula in 
strict radiative equilibrium and optically thin in the Lyman continuum. 
We may write it as 

C(T<)=A(T e )j^, • • (62) 

where A(T ( ) varies slowly with the temperature. 

As examples of the application of these formulae let us consider two 
nebulae, IC 418, in which the forbidden nebular lines are relatively weak, 
and NGC 6826 in which they are moderately strong. 

For these two objects EhlI(HP) is 3-5 and 11-5 respectively. We choose 
a series of values of T t , take / 2 (7’ f ) from the calculations of the Harvard 
Nebular Series and compute 

+(r e )=l-61 x 10-3 , . (63) 

(j Tf 

where b 4 (T e ) is adapted from Baker and Menzel’s calculations for model B. 
Then C(T e ) may be calculated for each model and the sum fziTt) + C(T e ) 
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formed. Now /i(7\) is given as a function of the temperature of the central 
star so that for a given value of f\=fif-C, T\ may be found. The corre- 
sponding values of Ti are given in the fifth and seventh columns of Table 
IV : 5. From their spectral classes the temperatures of the central stars of 
IC 418 and NGC 6826 have been estimated as 33,200° K. and 34,600° K. 
respectively. In IC 418 the electron temperature could be above 20,000° K., 


Table IV : 5 


Theoretical Relation between T\ and T c for a nebula containing Ions of 

Oxygen, Neon, etc. 



IC 418 

NGC 6826 

r ' 

f 2 (T € ) 

A(T e ) 

C(T e ) 

Ti 

C(T e ) 

T i 

8,000 

0-524 

5-54 lO - 3 

0-025 

18,000 

0-064 

31,000 

10,000 

0-531 | 

5-33 

0-024 

20,000 

0-061 

33,000 

12,000 

0-537 

5-14 

0-023 

22,000 

0*059 

35,000 

14,000 

0-544 

500 

0022 

24,000 

0-057 

37,000 

16,000 

0-550 

4-86 

0*022 

26,000 

0-056 

40,000 

18,000 

0-557 

4-76 

0*021 

28,000 

0-055 

42,000 

20,000 

0-563 

4-68 

0021 

31,000 

0-054 

44,000 

25,000 

0-580 

4-49 

0-020 

37,000 

0-052 

52,000 

30,000 

| 0-600 

4-36 

0-020 

46,000 

0-050 

62,000 


whereas in NGC 6826 we would expect an electron temperature near 
11,000°K. These numbers are to be compared with 7)= 18,000 and 11,300 
found from the forbidden line intensities (Chapter V). Thus the electron 
temperature depends strongly on the intensities of the forbidden fines as 
compared with the recombination fines of hydrogen and helium. 

The aforementioned argument is strictly of a qualitative character since 
we have tacitly assumed that W can be cancelled from the expression for 
fi(Ti). Such a cancellation is not permissible if W depends strongly on the 
frequency. The shells of IC 418 and NGC 6826 and similar nebulae are 
thick so that modifications in the energy distribution in the Lyman conti- 
nuum will be produced by radiative processes in the shells. Throughout 
most of the luminous body of the nebula the optical depth r, as measured 
from the inner boundary of the shell, will be small (see Section 1 of 
Chapter VII), and in this region detailed calculation leads us to expect that 


f m 


WJy 

j(e y -l) 

will be very nearly the same as in the thin shell. 


/ k \ f WJy 
\2 hRZV 1 e y -l 

±Yi 

»° 

J y 


( 64 ) 
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Furthermore, the radiation from the central star is not necessarily that 
of a black body at the temperature corresponding to the excitation tempera- 
ture of the central star (see Chapter VI, p. 229). Given the specific model 
atmosphere of the central star, and the optical thickness r 0 of the nebula, 
we could make definite calculations. 

In general, unless hydrogen is practically all ionized, the temperature of 
a typical planetary nebula cannot rise above about 25,000° K. 

Estimates of T € may be made by several methods, none of them com- 
pletely satisfactory. The profiles of emission lines might be used if it is 
possible to disentangle the effects of mass motion and gas kinetic motion. 
In Chapter II we mentioned Baade, Goos, Koch, and Minkowski’s study 
of the Orion nebula for which they found electron temperatures from 
1 2,000° K. Jo 20,000° K. Methods based on the intensity in the nebular 
continuum and on the amount of the Balmer jump in the continuum will 
be discussed in Section 6. In Chapter V we shall discuss estimates of T e 
based on intensity ratios of forbidden lines, particularly I(N X + V 2 )//(4363) 
of [GUI]. 


4. The Ionization Equation for the Gaseous Nebulae 

The ionization equilibrium in a gaseous nebula differs from that in a 
stellar atmosphere to a very marked degree. In the nebula all ionizations 
take place from the ground-level of whatever ion or atom is considered, 
whereas recaptures take place on all the levels. Let us consider first the 
ionization of hydrogen. From equations (11) and (50) we write down the 
ionization equation at once: 


NN e _ ( 2nmkT<yi 2 2m, _ Xt 1 {IrnnkT^^ 
N x ~ h 3 m x 6 ' b x ~ h 3 


W x 


lx 


dy 


Zi_ 


yW- 1 ) 


.(65) 


This equation can be solved as soon as W lx , T e , and T x are known. Here 
y=hvlkT x , and y x =hv x jkT x . To illustrate the order of magnitude of 
the factors involved let us consider the state of ionization in the shell 
of NGC 6826. We adopt a stellar radius of 0-8 that of the sun, i.e. 
5-6 x 10 10 cm. and a radius for the nebular shell of 2-04 x 10 17 cm. The 
geometrical dilution factor 


W= ^ =1-88 X 10- 14 ~2 X 10- 14 . 
4r 2 


If the temperature of the central star is taken as 34,600° K., y x -A-51. Then 


«eo 


dy 


y(e y - 1 ) 


y 


~ 0-00191. 
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For an electron temperature of 1 1,000° K., G T = 0-144. Putting these 
numbers into the ionization equation (65) we get 


N,N. 
N i 


=7-0x105, 


corresponding to hi=0-25xl0 10 . Photometric measures of the surface 
brightness indicate that N e =Ni ~ 2200 so that iV 1 '~-'6-5. Compare this 
number with that appropriate to thermal equilibrium at the same electron 
temperature and density, viz. N =2-7 x 10 ~ 9 . 

Hie ionization equation for any kind of atom exposed to a dilute radia- 
tion field may be derived in a straightforward way. The number of 
ionizations from the ground-level, viz. 


f “ Ar 4aljii(v) , %nNy f” Wji i(v)v 2 

)*'—*~*l&*=*> 



must equal the number of recaptures on all levels, i.e. 




co 

NiN e f(v)vojdv, . 
o 


( 66 ) 


(67) 


here a 1 (i>) denotes the absorption coefficient for photo-ionizations from the 
ground-levels by absorption of radiation of frequency dv. I, is given by 
equation (7). N\ is the number of atoms or ions of the kind considered per 
cm. 3 and N the corresponding number of such particles in the next higher 
stage of ionization, e.g. if refers to the number of Oil ions/cm. 3 , Nt 
will refer to the number of OllI ions/cm. 3 Recaptures occur on all 
levels (denoted by j) of the atom. Here f(v) is the Maxwellian distribution 
of velocities, viz. 

f(v)dv =4n 3 l2 v 2 e~ mt * l2kTf dv, . . ( 68 ) 


which obeys the normalization condition 

f f(v)dv= 1. . . . . (69) 

J 0 

Hence the number of electrons with velocities between v and v+dv/cm. 3 
will be N € f(v)dv. If oj(v) is the cross-section for the recapture of 
electrons moving with a velocity v into level j, the total number collected 
by Ni ions/cm. 3 /sec. from the velocity range v to v+dv will be the number 
swept up in a cylinder of dimensions voj, i.e. N e f(v)dvNivoj. The total 
number of recaptures from all velocity ranges on all levels is then obtained 
by integrating over all velocities and summing over all energy states of the 
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atoms which gives us the right-hand side of equation (67). The cross- 
section for capture oj(v) is related to the absorption coefficient q,(r) for 
an atom in level j by 

aj(v) m 2 V 2 C 2 TOe&j 
oj(v) v 2 h 2 2 vjj ’ 

an equation due to Milne. <20> Here v and v are related by 

\mv 2J rXj=hv, 

where Xj is the ionization energy for the jth level. We now equate equations 
(66) and (67) and substitute from equation (68) to obtain the general 
ionization equation, viz. 

I*" W,v 2 a i(r) 
roil 

NiN ( (2nmkT c ) 312 ro e ro, 
roi 


e >"l kT i_i 


dv 


Nx 


h 3 


2 

/=1 


Wj 


(71) 


m —mv'jlkTc 


aj{y)v 2 vdv 


We may reduce this equation to a more familiar form if we assume that 
I, may be represented by the Wien approximation, viz. 




2hv 3 e 


- hvIkT , 


which is valid for hvjkT{^>\. Then 

[y>v/* 7 \ _ J ] ^ gky/kTt —ftlkTt+mv'ITkT,' 

Further, let us take 


X = ; 


mv 2 


mv* 


2kT 2kTx 

Then equation (71) becomes 


(72) 

(73) 

(74) 

(75) 


since ro e =2, and where we put 


mi 


D= 


Ws*i(v)v 2 e Z dz 


2 mj aj ( v 

j= 1 J 0 


(76) 


•)v 2 e *dx 


Equation (75) is essentially the equation given by Stromgren. D depends 
primarily on the dilution factor W„. If we suppose that for the ion in 
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question a(v) varies as v~ 2 , that W, can be replaced by an average over v, 
and that recaptures on levels higher than the first may be neglected, D—W 
and the ionization equation becomes 


NiN t ( 2nmk ) 312 2m t _ , kT — 

— —2 7’ 3/2 e N kT 'W t 

Ny h 3 Wy ' 


il 

Ty 


(77) 


which is the form of the equation employed by Stromgren in his discussion 
of the ionization of interstellar hydrogen around a hot star. (21) Actually 
the neglect of the recaptures on the highe/level is not justified, as detailed 
calculations for elements like calcium and sodium show. The number of 
neutral atoms tends to be greater than the number calculated by equa- 
tion (77). 

Detailed calculations of the factor D requires a knowledge of aj{y) for 
the various energy levels of the atom in question. For hydrogen a(v) varies 
as v~ 3 , but for other elements the dependence of a y (r) on v is often more 
complicated. Computations for atoms in the first row of the periodic 
tables have been made by D. R. Bates <22 > and by Bates and Seaton, (23> 
while Goldberg and Aller calculated ay(v) for oxygen in various stages of 
ionization, and made estimates for other atoms and ions of astrophysical 
interest. 

It is not permissible to assume hydrogenic absorption coefficients for 
complex atoms because, as Bates pointed out, the free electron moves in 
a field of different effective charge Z e // than does the bound electron. 
Consider, for example, a carbon atom in its ground-level. The photo- 
electric ejection of one of the outer 2 p electrons occurs when the atom is 
ionized. When the electron is in the 2 p shell, it is incompletely screened 
by the other five electrons and Z e jf> 1. When this 2 p electron becomes 
photo-ionized to a (/-state, the screening by the remaining electrons is 
complete and Z e /f={Z— o)=l. 

To develop the relevant formulae we may proceed as follows. The 
frequency of the radiation absorbed when an atom is excited from 
a ground 2 p configuration to an excited nd configuration may be 
expressed as 

• • ■ < 78 > 


where R is the Rydberg constant in frequency units, Z is the net charge 
of the nucleus plus remaining electrons, and n 0 * is chosen in such a way 
as to reproduce the term value of the ground-level. We suppose that the 
(/-levels are hydrogenic so that their term values may be expressed as 
T=—RZ 2 ln 2 . Likewise, following Menzel and Pekeris, (5) we suppose that 
the term values of states in the continuum may be written as T c =RZ 2 lx 2 . . 
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Hence the frequency of radiation emitted or absorbed in bound-free transi- 
tions will be given by 



where is the ionization potential of the atom from the ground-level and 
%h is that of hydrogen. 

The continuous absorption coefficient is related to the oscillator strength 
by 


ne 2 r dx ne 2 r x 3 
a " = ~mc Ih = ~mc f 2RZ 2 ' 


(80) 


since the oscillator strength is fdx for the interval x to x+dx. The oscillator 
strength / for transitions to the continuum is given by 


Mn-O-sT+j 


8 7t 2 mv a 0 2 


(81) 


where a 0 is the radius of the first Bohr orbit, J is the total quantum 
number of the lower level, / is the larger of the two quantum numbers 
/ and /', S is the strength of the transition expressed in units of 

°‘=4ihe 2 - ■ • ■ < 82 > 

q is the radial quantum integral, 


Q= 


j r 3 R(nl')R(xl)dr. 


(83) 


Here R(nl') is the radial quantum wave function for the ground-level, 
while R(xl) is the radial quantum wave function for a free electron. Diffi- 
culties may sometimes arise in the application of equation (83) to the 
practical calculation of oscillator strengths, because the method employed 
to determine R(nl) may fix the wave function in the neighbourhood of the 
origin, whereas the chief contribution to the absorption coefficient may 
arise at large values of r. If the wave functions are determined by the 
application of the Ritz principle, R{nl) may be poorly determined at 
/•-values that are important in the evaluation of q. The calculation of the 
continuous absorption coefficient of the negative hydrogen ion illustrates 
these troubles particularly vividly. To overcome them Chandrasekhar 
proposed two additional alternative formulae . <24> These formulae are 
based on the fact that the rate of radiation of a classical dipole oscillator 
can be expressed in terms of its dipole moment, its momentum, or its 
acceleration. 
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That is, the matrix element 

(n'r\P\nl)=(n'l'\ezt\nl) 

may be defined as 

(n'l’\P nl) — ly*{nl)eZiy(n' l')dr (dipole moment), 

as 

(!=!=) 


dy)*(nl ) 

y)(rir)ch ( momentum operator) 

dZi 


(E-E') 


Wn'n 


(84) 


or as 


i , e f dV 

(nT\P\nl)= ^*(”0 (acceleration). 


for the coordinate z,- of the zth electron. Here all quantities are measured 
in Hartree’s atomic units, E and E' are the energies of the upper and lower 
states of the transition, and V is the potential energy due to electrostatic 
interactions between the particles. It is advantageous to calculate matrix 
elements by all three methods and compare the results. Su Shu Huang (25) 
has done this for helium. Here, however, we shall confine our attention 
to the calculation of the dipole moment. 

As a specific example let us consider the transition from a bound /z-state 
to a free (/-state. The ps transitions contribute so very much less to the 
continuous absorption coefficient that they usually may be neglected. Let 
us suppose that the radial wave function for the ground-level can be 
represented by 

R(2p)=J 4 -^re- s ', . . . (85) 


where Si=Z 2 /2, Z 2 being the effective charge on the nucleus. For the 
bound (/-levels (which we assume to be hydrogenic) we adopt wave 
functions of the form 


W 2» 8 (n— 3)K5 !)> ^-^(-” +3 - 6 - f) ■ < 86) 

where p=2Zy. Z x is the effective charge under whose influence the d 
electron moves. Z t = 1 for a neutral atom, 2 for a singly ionized atom, etc. 
F{~) is the confluent hypergeometric equation. The radial quantum 
integral for a 2 p-nd transition is <26) 



45’ 1 5 /z 7 (n+2) ! 
6« 8 (w— 3)!(5!) 2 




dr. 
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which reduces to 
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2 „ n6 SMn+2)\ (InSi-ri^s 
(«— 3)! (2 «5 1 + i a) 2n+8 

=3 _1 2 12 5 5 (2Z 1 ) _2 « 9 (n 2 — 1)(« 2 — 4) (35- 1) 2 , (87) 

where 

S—2S\ln—Zi\2Z\. . . . (88) 

To obtain an expression for the radial quantum integral for the bound- 
free transitions we replace n by M (see p. 1 14), and take the absolute value 
of the resulting formula 

e —3 - 1 ^(fjVl) - 1)« 9 ' 2 (^2+ l)l/2(^2 +4) l/2 



In this calculation it is assumed that the wave function for the free d 
electron is hydrogen-like. 

For many atoms or ions the representation of the radial wave function 
for the ground p configuration by equation (85) is inadequate. If Hartree 
wave functions are available for the ground-level, it is often possible to 
represent the tabulated values in analytic form, viz., 

R(2p)=r(ae~ br +ce- dr ) . . . (90) 

as suggested by J. C. Slater. <27) By making the simple replacements 

Z 2 l2^b,d J^^a,c . . (91) 

equation (89) can be adapted for the calculation of q. Since 1=2 for d 
electrons, we find from equations (79), (80), and (81) that for pd bound-free 
transitions 

tie 1 An 2 a 2 S I” Z 2 l |« 3 e 2 ™ 

“•“TT5/T27T ■ () 

The strengths S may be calculated from available tables of multiplet 
strengths, due account being taken of the parentages of the various 
spectral terms. 

For atoms for which ground-level wave functions are not available, 
effective values of Z 2 may be calculated by rules due to Slater. <28) A 
comparison of absorption coefficients based on wave functions obtained 
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from Slater’s rules with those obtained from the Hartree wave functions 
for oxygen, shows that the Slater wave function gives rather serious errors 
in the neighbourhood of the series limit. On the other hand, the Slater 
approximation becomes less inaccurate for the oxygen atom in higher 
stages of ionization. The lighter the atom and higher the degree of 
ionization, the more nearly valid is the Slater approximation. This means 
that with a single exponential term it is not possible to get an adequate 
representation of the radial quantum integral. One qualitative result of 
the calculations must be mentioned. In neutral atoms and even to some 
extent in singly ionized atoms there is a tendency for the continuous 

Table IV : 6 

Absorption Coefficient for Bound-Free Transitions in Oxygen 
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absorption coefficient to rise to a maximum above the series limit and then 
to diminish again. Among highly ionized atoms the absorption coefficient 
diminishes monotonically beyond the series limit. 

The absorption coefficients of oxygen in various stages of ionization for 
bound-free transitions as computed by Leo Goldberg and the writer are 
given in Table IV : 6 as a function of wave-number, 9. 

Recaptures on the higher levels involve wave functions that are more 
nearly hydrogenic, and a good start may be made by using the correspond- 
ing hydrogenic functions for many of them. 

D. R. Bates has carefully reviewed the use of quantum mechanics in the 
calculation of the continuous absorption coefficients of neutral atoms and 
positive ions with particular regard to the practical difficulties imposed by 
the nature of the wave functions. He has also derived approximate 
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formulae that may be used for other light ions, somewhat along the lines 
we have already discussed. The use of wave functions based on Slater’s 
rules is of dubious value. 

Continuous absorption coefficients for helium have been derived by 
Vinti, <29) by Goldberg, (26) and by Su Shu Huang.' 251 We may calculate 
the continuous absorption coefficients for photo-ionizations from the 1 l S, 
2 1 S, and 2 3 S levels from Huang’s tables. For the continuum at the head 
of the 2 1 P-n 1 S series, Goldberg’s results may be expressed by the formula 

loga,(2'/>— n 1 S)=35-48— 3-6 1og v, . (93) 

and for the continuum at the head of the 2 3 P-n 3 S series, there occurs 

log <z v (2 3 P — n 3 >S)=3H)6— 3-3 log v. . (94) 

For the higher levels and for the free-free transitions the helium atom must 
be regarded as hydrogen-like. 

5. The Continuous Spectra of the Gaseous Nebulae; Electron Densities 

Galactic nebulae generally possess a continuous as well as a discrete line 
spectrum. Objects of low surface brightness such as NGC 1499 (the 
“California nebula”) presumably emit a continuum of such low intensity 
that it is lost against the background of galactic light. In Chapter III we 
saw that diffuse galactic nebulae often show spectra similar to those of 
luminous stars near them. Such objects as the Pleiades nebulosity, for 
example, contain great numbers of small solid particles that reflect and 
scatter the starlight. Electron scattering, which seems to be responsible 
for the continuous spectrum of the corona, apparently plays no important 
roles in these nebular continua. 

We are concerned here with the continuous spectra of the purely gaseous 
nebulae where physical processes are not complicated by the presence of 
small solid particles. 

Photometric measures of the continuous spectra of the planetary nebulae 
have been made by T. L. Page <30> and by Minkowski and the writer, as 
well as more recently by Barbier and Andrillat.' 311 Page used a very wide 
slit so that the contribution of the weaker nebular lines was added to that 
of the true continuum. Minkowski and the writer used a narrow slit which 
enabled the weak lines to be observed, but the continuum was relatively 
much weaker so that long exposures with corresponding photometric 
difficulties were required. The Balmer continuum is easily recognized and 
measured; an underlying continuum is also observed, but its exact inten- 
sity dependence on frequency is not yet known. Page suggested that the 
intensity of this underlying or “visual” continuum changed slowly with 
wavelength, but his measures appear to be largely influenced by the effects 
of overlapping lines. 
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In the observable region of the spectra the following processes have 
long been known to contribute to the nebular continuous spectra: 

(1) Recombination of electrons with protons to give rise to the Balmer, 
Paschen, Brackett, and higher continua. 

(2) Free-free transitions involving hydrogen and helium ions and 
electrons. 

(3) Recombination of electrons with helium ions in excited levels. 
Menzel has observed the recombination continua of helium in 
NGC 6543. 

Continuous recombination spectra involving atoms heavier than helium 
are unimportant because of the rarity of these elements as compared with 
hydrogen. Even helium contributes relatively little compared with the 
emission by hydrogen. 

Let us consider first the recombination Balmer emission. The amount of 
energy emitted/unit frequency interval/cm. 3 /sec. will be (cf. equation 26) 

E x2 dv=N,N < | e^e-^dv. . . (95) 

Near the series limit, Menzel and Pekeris give the following asymptotic 
expression for g 5 

(?)-'} ■ « 

Then, noting that hK= 21*6 x 10 ~ 33 , we get 

E x2 dv=2-10 X \0~ 33 NtN e T e ~ 3l2 ge x ‘~ hvlkT ’. . (97) 

At the Balmer limit g=0-876, hv 2 /kT e =X 2 , and the total amount of energy 
emitted by a nebula of constant electron temperature T e and density will be 

Edv =2-2,1 X 1 0 “ 3 3 NiNTc - 3 /2 Vdv, . . (98) 

where V is the total volume occupied by the radiating atoms. Let S Bac 
denote the average flux through the surface of the nebula in ergs/cm. 2 /sec. 
in a wavelength interval AX. If the nebula consists of a hollow shell of 
inner radius n and outer radius r 0 , then 

S Bac =\-l^x\Q-^N i N ( Tr il2 \^^-\AX, . (99) 

where AX is given in Angstroms and r is expressed in cm. 

Measures of the intensity of the Balmer continuum compared with H{3 
and other emission lines have been made by T. L. Page (30) and by the 
writer. (32) The results are in good agreement for most of the objects 
common to the two programmes; the chief uncertainty lies in estimating 
the position of the background continuum. 
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Menzel and the writer defined S Bac for AX selected as 20 A. Equation (99) 
then becomes 

5^=356 xio-«Jvyv.r.-3«r 0 [i-(^) 3 ]. • ( 100 ) 

In some nebulae the Balmer continuum is so weak that it cannot be 
measured easily. Under these circumstances we may use the observed 
flux in Hp, adopt b 4 from the assumed value of T e for Menzel and Baker’s 
model B, and calculate NiN from an equation derived from equation (20) 
in the same way as equation (100) was obtained from equation (26). 

Table IV : 7 summarizes the results obtained for several planetaries. It 
is assumed that the nebulae can be approximated as spheres or hollow 
spherical shells. Column 2 gives the apparent radius of the nebula, 
column 3 the value for nlr 0 estimated by H. D. Curtis (Lick Publ. 13 ), 
column 4 the distance according to Berman (Chapter III, p. 51), and 
column 5 the corresponding value of r 0 in cm. Column 6 gives the surface 
flux in HP in ergs/cm. 2 /sec., from the work of Liller and the writer; 
column 7 gives the ratio of the fluxes in the Balmer continuum and 
Hp, S B JS m as measured by photographic photometry. The electron 
temperature entered in column 8 is derived from the [OIII] lines. The 
value of log b 4 in column 9 is interpolated from the data of Baker and 
Menzel (see Table IV : 1). Columns 10 and 1 1 give the electron densities 
found from HP and the Balmer continuum, respectively. The former are 
considered to be much more reliable and the adopted values in column 
12 are primarily based on them. 

The lack of a systematic difference between the data of columns 10 and 
1 1 permits the conclusion that the S^JS^ ratio is in satisfactory agree- 
ment with the theory of the Balmer decrement as given by Baker and 
Menzel. Discrepancies can be accounted for by the difficulty in measuring 
the Balmer continuum. 

We shall use the log Nps given in column 12 in later applications to 
specific nebulae. The numerical values involve (in addition to the simplify- 
ing geometric assumptions): (a) the assumed distance of the nebula; (b) its 
electron temperature. Both of these are likely to be uncertain. 

Returning to the problem of the continuous spectrum, we notice that 
T, can be estimated if the intensity in the pure Balmer continuum can be 
measured at two different frequencies. Thus, if /„ 2 is the intensity at the 
Balmer limit and I, that at some other frequency, we have 

4 , g(v2)e +h ^ lkr < 

4 g(v) 

as the equation from which T t can be derived. 


( 101 ) 


Table IV : 7 

The Electron Densities of Typical Planetary Nebulae 
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The essential difficulty in the application of this equation to the deter- 
mination of electron temperatures lies in allowing for the influence of the 
background continuum. The resultant temperature will depend strongly 
on the frequency dependence of this continuum. In the absence of any 
specific knowledge on this matter the usual practice has been to take the 
intensity as constant. On the basis of this assumption T. L. Page found 
that the energy distributions in the continua of several planetaries were 
consistent with the temperatures obtained from the ratio of the intensities 
of the auroral and nebular lines of [OIII] by Menzel, Hebb, and the 
writer, i.e. in the neighbourhood of 8000°K. to 10,000°K. By a similar 
method, the writer found a somewhat higher electron temperature in 
NGC 7662. It should be emphasized that if the background continuum 
diminishes in intensity towards the ultra-violet, the electron temperature 
will be higher than 10,000° K., whereas if it increases in intensity the 
temperature will be lower. 

This background continuum is stronger than can be accounted for by 
recombinations and free-free transitions. It cannot be explained by 
electron scattering nor by the negative hydrogen ion. Reflection and 
scattering by solid particles seems also to be excluded. If particles were 
present in sufficient numbers they would dim the light from the side of the 
nebula opposite to the observer. Many nebula show spectral lines that are 
widened or doubled because of the expansion of the shell. If internal 
absorption occurred in the nebulae we would expect the red components 
to be systematically dimmer than the violet components. Yet the intensity 
ratios of the components vary from one object to another in a random 
fashion. The differences are caused by variations in the initial ejection 
process or in the subsequent motions of the gases, not by absorption by 
particles. 

A possible mechanism for the production of a continuous emission in 
the gaseous nebulae is provided by the escape of atoms from the metastable 
2s level in hydrogen with the radiation of two photons. A hydrogen atom 
that finds itself, say by direct capture or by cascade in the 2s level, may 
escape by one of several processes. Photo-ionization by the absorption of 
a quantum in the Balmer continuum is unlikely. A super-elastic collision 
may enable it to get rid of all its 10T 6 e.v. of energy, or an electron collision 
may jostle it into the 2 p level, whence it returns to the ground-level very 
quickly. If T ( is about 10,000° K. the probability of this latter process is 
of the order of 5 x 10~ 5 N ( sec. -1 . Macroscopic electric fields would also 
enable the atom to escape from the 2s to the 2 p level, but such fields are 
not anticipated in gaseous nebulae. Even at very low electron densities, 
in the absence of electric fields, and in very weak radiation fields, the atom 
cannot remain in the 2s level longer than about 1 /8th second. 
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Maria Goeppert Mayer (33) pointed out that an atom could escape from 
a metastable level such as the 2s level in hydrogen by a double-photon 
emission. It is as though the atom conjured a virtual p level lying between 
the ground-level and the metastable 2s level. Since this virtual level may 
lie anywhere between Is and 2s, the two photons can have any frequency 
subject to the condition 


v'+v"=v(2s— Is) 


E(2s)-E(\s) 

'■ ; » 


( 102 ) 


where E(2s) is the energy of the 2s level, .E(ls), that of the ground Is level. 
Thus v(2s— Is) is very nearly the frequency of Lyman a. Hence a con- 
tinuous spectrum is emitted and we immediately ask two questions: 
(a) Does this continuum have the right dependence on frequency to explain 
the background continuum in the planetary? ( b ) Under the conditions 
of density and temperature thought to exist in the gaseous nebulae does 
it give the right amount of energy? 

Some years ago Minkowski and the writer examined this mechanism 
to see if it would account for the strong background nebular continuum. 
The predicted intensity distribution did not agree with what appeared to 
be the observed energy distribution. The latter is uncertain, however, and 
more recent theoretical work by Spitzer and Greenstein <34) makes it appear 
that the two-photon emission may suffice to explain the elusive continuum. 

Breit and Teller <35) made a detailed application of Mrs. Mayer’s theory 
to the 25— Is transition in hydrogen, and their work has been refined and 
extended by Spitzer and Greenstein. Let us denote the frequencies of the 
two quanta by 

v'=yv(2s-\s ); v"=(l-y)v(2s-ls). . (103) 

If A(y)dy is the probability that a photon is emitted with a frequency 
between yv(2s— la) and v(2s—\s)(y-\-dy), 

9a 6 R 

A(y)=^r<p(}’), • • • 004) 


according to Breit and Teller. Here 


a 


2ns 2 

He “ 


(105) 


is the fine-structure constant, R is the Rydberg constant, and the function 
cp(y) involves certain radial quantum integrals that have been defined by 
Breit and Teller. The emission per unit volume and time interval, E 2q (y), 
is proportional to hvA(y) and therefore to y<p(y). The integration of <p(y) 
gives 

f v(ytfy= 3-770. 


0 


(106) 
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The Einstein coefficient of spontaneous emission A^-u for the two- 
photon transitions is 


A 2S— IS r, 


r i 


A(y)dy= 


9a«R 


2 11 


X 3-77=8-227 sec.-i. 


(107) 


The factor of 1 /2 comes from the fact two photons are emitted per transi- 
tion. The function <p(y)=<p(\ —y) is tabulated by Spitzer and Greenstein 
as follows:* 


y 

X 

<?{y) 

y 

X 

<p O') 

010 

12,157 

2-783 

0-30 

4052 

4-546 

015 

8,105 

3-481 

0-35 

3473 

4-711 

0-20 

6,078 

3*961 

0-40 

3039 

4-824 

0-25 

4,862 

4-306 

0-50 

2431 

4-907 


Atoms may enter the 2s level by direct recapture from the continuum, 
by recapture on higher levels and subsequent cascade, and sometimes by 
a coffisional transition from 2 p to 2s. This latter process has an extremely 
low probability, but the Lyman a quanta are scattered such a huge number 
of times before their escape from the nebula that under certain favourable 
circumstances some two-quantum emission may be produced in this way. 
Ordinarily, however, atoms enter the 2s level by recapture and subsequent 
cascade. Spitzer and Greenstein estimate that the probability, X, that an 
atom will pass through the 2s level on its way to the ground-level will be 
about 0-32. 

The total emission, E lq , between v and v+dv in two quantum jumps 
will depend on the energy hv of the jump, the probability function <p(y), 
the total number of recaptures on the second and higher levels, the factor 
X, and finally a factor 2 because two quanta are liberated in each jump. 
Thus, using equations (30), (104), (106), we get 

E 2q dv=NiN ( ^ 2 J ZUXn)2X y -^ dv. . (108) 

Similarly the energy liberated in the same frequency range in the bound- 
free recombinations and free-free transitions will be 


Kh 


E (bf+ff)dv —NiNc 2 e 


—hv/kT e 


(109) 


where we have used equations (26) and (35). There n m is given by the con- 
hRZ 1 


dition that v>v„ n 


. The total emission is given by the sum of 


these two contributions, viz. 

[E 2 q t E (b/+ ff) ] =E lola i . 
*Ap. J., 114, 409 (1951): Table 1. 


(HO) 
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Fig. 5 shows the results of the calculations. Our results differ from those 
of Spitzer and Greenstein, who did not take into account the contributions 
of the higher series limits nor the free-free transitions. The factor in 
brackets in equation (109) is evaluated by the approximate procedure 
employed by Unsold* 36 ’ in the calculation of the stellar absorption 
coefficient except that the g„ r factors are chosen as in the writer’s calcula- 
tion of the stellar absorption coefficient. 07 ’ 



Fig. IV: 5. Theoretical Continuous Energy Emission in 
Gaseous Nebulae. 

The quantity log E/NiN e hKT e - 312 is plotted against 

1216/A (A in Angstroms) as a function of 0= 5040/7’. 

The calculations are carried out according to the theory 
of Spitzer and Greenstein, Ap. J., 114, 407 (1951). 

The contribution of the two-quantum emissions greatly diminishes the 
Balmer discontinuity. The latter depends on the electron temperature, 
becoming smaller the greater the value of T t . The discontinuity, log Isjh, 
where Is denotes the intensity just to the short wavelength side of Balmer 
limit, and h the intensity just to the long wavelength side, amounts to 
0-50 at T ( =1 5,000° K., about 0-40 at 24,000°K. and 0-30 at 34,000°K. If 
the theory is correct, measure of the Balmer discontinuity should give 
some estimate of the electron temperature. In NGC 7027 the discontinuity 
is strikingly large, log Is/Il~0-7, which would imply an electron tempera-, 
ture less than 10,000° K., whereas the [OIII] line intensities indicate an 
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electron temperature of 1 6,000° K. Seaton suggests that at the higher 
densities the 2s level tends to be depopulated by collisional excitation to 
the 2 p level rather than by the two-photon emission. Hence the magnitude 
of the Balmer discontinuity will depend on both the electron temperature 
and the electron density. He has used Barbier and Andrillat’s measures 
of the Balmer discontinuity and of the energy distribution in the continuum 
to estimate the required densities and temperatures. These tend to agree 
with those obtained from the forbidden lines. 

Much further work on the nebular continua is necessary in order to test 
the theoretical considerations of Spitzer and Greenstein, of Seaton, and 
of others. A spectrograph for this programme is now under construction 
at Michigan where also Liller has designed a photo-electric monochromator 
for the study of the lines and continua in the brighter planetaries. 

By use of appropriate plate filter combinations (cf. Chapter II) Minkow- 
ski has photographed nebulae in wavelength regions where there are no 
spectral lines, i.e. in the light of their continuous radiations. The image of 
IC 418 in the light of its visual continuum resembles the hydrogen 
images, a conclusion which is substantiated by photometric measures. 
Photographs of the Orion nebula in the Balmer continuum show different 
features than do photographs secured in the visual regions or in the light 
of Ha-\- [All]. In this object there occur contributions to the continuum 
from small solid particles as well as from gases. 

6. Collisional Excitation of the Hydrogen Lines 

In most nebulae it appears to be rather well established that the lines of 
hydrogen and helium are excited by the so-called primary mechanism, 
photo-ionization followed by recapture in higher levels. In some objects 
direct collisional excitation may play an important role. J. H. Oort (38) 
suggested that the shells ejected by novae might collide with the material 
of interstellar space. The mingling gases become quickly heated, the 
temperature is raised and a bright-line spectrum is excited by inelastic 
collisions between electrons and atoms. He also supposed that the Net- 
work nebula in Cygnus, the faintly luminous edges of dark clouds, and 
even such objects as the extended “North America” nebula (NGC 7000) 
might be excited by collisions between interstellar clouds of gas and 
particles. 

Although subsequent work indicates that the Network nebula probably 
owes its excitation to radiation rather than to gas-cloud collisions, examples 
of collisional excitation seem to occur in other objects. In particular 
collisional excitation would appear to dominate in certain radio sources 
(see Chapter VIII) and might occur to some extent in other gaseous 
nebulae, as for example NGC 7027 (p. 200). 
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The characteristic feature of the pure collisional excitation of the 
hydrogen lines is a steep Balmer decrement. Sixty years ago W. W. 
Campbell compared the Balmer lines in the Orion nebula with those of 
a laboratory discharge tube and called attention to the differences in the 
Ha-.Hfi'.Hy ratios. The fact that unreddened planetary nebulae show a 
Balmer decrement that approaches the one predicted by pure radiative 
processes leads us to suppose that collisional excitations are usually not 
important in these objects. Nevertheless, it is important to examine the 
conditions under which collisional excitation can become significant. 

The first attempt to calculate the effects of electron collisions on the 
Balmer decrement was that of S. Miyamoto. (39> The then available 
measurements of the Balmer decrement disagreed with the theoretical 
predictions in the sense that the observed decrement appeared to be too 
steep. Miyamoto treated an optically thick nebula illuminated by a central 
star and assumed that the higher levels were excited both by inelastic 
electron collisions and by the primary mechanism. Although his calcula- 
tions were based on a hypothetical atom with five states plus a continuum 
and the target areas for collisional excitation were too large, especially 
at the lower electron velocities, the results are qualitatively correct in 
showing a sharp dependence of the HalHfi intensity ratio on the electron 
temperature. 

The most detailed treatment of the collisional excitation of the hydrogen 
lines in gaseous nebulae was carried out by Jos. W. Chamberlain,* 40 - 41) 
who generalized the methods of the Harvard Nebular Series to include 
collisions as well as radiation. We shall present his method in some detail. 

Collisional and radiative excitations take place from the ground-level to 
excited levels n and to the continuum. The number of collisional excita- 
tions from the ground-level to the level n will be 


3ln=N l N ( 


Qn(v)vf(v)dv, 


( 111 ) 


where f(v) is the Maxwellian velocity distribution function for temperature 
T< (see equation 68), and Q n (v) is the target area for collisional excitation 
from the ground to the nth level. The integration is performed over all 
velocities v greater than the velocity v„ corresponding to the collisional 
excitation energy of level n, i.e. 


Let us define 


\mv n 2 —X n =hR ^1 — 
aj(T e )= I Q„{v)vf(v)dv. 


( 112 ) 

( 113 ) 
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Analagously, the number of collisional ionizations can be written as 


where 


/* oo 

3 lx dv=N 1 NMTe), 

J v , 


a c {T e ) = 


Qx(v)f(v)vdv. 


J V 4 


(114) 

(115) 


Here Q x (v) denotes the ionization cross-section for electrons moving with 
a velocity v. 

Our next task is the estimation of the cross-sections Q„(v ) and Q*(v) by 
quantum mechanical methods. The problem is somewhat different from 
the collisional excitation of the forbidden lines in that the energies involved 
are much larger. It appears that the Born approximation may give reason- 
able results, although it tends to overestimate the cross-section at low 
velocities. 

Fortunately the absolute values of the cross-section are of less interest 
than is the ratio 


Pn{T t y 


ajn Ss M ' mh 

f Q*(v)vf(v)dv 
J Vi 




( 116 ) 


which can be estimated more reliably than can the cross-sections them- 
selves. 

Fundaminsky (42) has calculated target areas for the collisional excitation 
of the 2s, 2 p, 3s, 3 p, and 3d configurations from the ground-level as a 
function of velocity. To estimate the target areas to the n= 4 and higher 
levels, Chamberlain employed an asymptotic formula due to Bethe, (43) and 
corrected the results following a suggestion made by Fundaminsky. 

From detailed numerical computations Chamberlain found that for 
n >6, the quantity /9„(7V) could be approximated by 



(117) 


The rate of collisional excitation of the higher levels falls off rapidly, and 
it is found that for n greater than about 30 the levels tend to be populated 
by direct recaptures from the continuum, rather than by direct collisional 
excitation. Representative values of the a’s are given in Table IV : 8. 

Following Chamberlain, let us first consider the problem of pure colli- 
sional excitation of the hydrogen lines. Atoms in the ground-level suffer 
inelastic collisions with electrons, are excited to the various levels n, whence 
they cascade to lower levels with the emission of radiation. Others are 
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ionized from the ground-level by electron collision and subsequently re- 
combine with electrons to emit the Lyman, Balmer, Paschen, and other 
continua. If the nebula is optically thick in the Lyman lines, the situation 


Table IV : 8 

Values of Collisional Excitation Parameters * 
a„(T') and a x (T e ) 


n 

10,000° K. 

20,000° K. 

40,000° K. 

2 

231 x 10-15 

89 X 10-1 2 

23-2x10-10 

3 

632 

6*65 

3-05 

4 

1-50 

1-86 

0-92 

5 

0-435 

0-69 

0-404 

6 

0-201 

0-36 

0-218 

K 

25-7 

! 

5-31 

6-25 


To get the number of collisional excitations or ionizations 
per cm. 3 /sec. multiply tabular values by NiN e . 

* Adapted from a table by Chamberlain, J. W., Ap. J., 117, 
392 (1953). 


of greatest astrophysical interest, we take F ln =F nl . The equation of statis- 
tical equilibrium is obtained from equation (2) by adding on the left-hand 
side the quantity, £Fi„, the number of collisional excitations/cm. 3 /sec. Thus 


oo 


2 Fn " n + 


n—l 

F m dv+F ln +<ffin= 2 F™ 




(118) 


We may also suppose that the number of collisional ionizations equals the 
number of recaptures, viz. 


*ao qo nco 

£ u dv= 2 Fxndv, . . (119) 

J V, l J V n 

since the number of photo-ionizations must be very small. 

Now equations (118) and (119) may be transformed with the aid of 
equations (11), (13), (14), (15), (18), (30), (31), (32), (111), (113), and 
equations (30), (31), (51), (114), and (115), respectively. The solution for 
b n may be found in a manner analogous to that employed by Menzel and 
Baker. Thus Chamberlain finds 


b n ~b n (B) + G T 


n -X n 


tn 


CO 

« 3 &+ 2 


PfiiUin 


+ ■ ■ ■ etc. 


i=n+l 


n—l 



2n 2 g„„' 
n'(n 2 —n' 2 ) ’ 


( 120 ) 

( 121 ) 


where 
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and U is defined by equation (38) and b„(B) is the value of b n for Menzel 
and Baker’s model B. For the thin nebula, b„(B) is replaced by b„(A 2 ), 
while the lower limit of the sum in equation (121) is n'~ 1 instead of n’= 2. 

Chamberlain carried out detailed calculations both for models that were 
optically thin in the Lyman lines (analogous to models A 2 and C) and for 
models that were optically thick (analogous to model B). Below 10,000° K., 
collisional excitation may be neglected completely. In the thin model at 
10,000°K., b n passes through a minimum at n= 5 and then rises again as 
n increases. The lower levels are populated chiefly by direct collisional 
excitation from the ground-level. Since at low temperatures 3m falls off 


Table IV : 9 

The b n -factors and Balmer Decrements for an Optically Thick Nebular 

Excited by Collisions 


n 

b n 

Inim 

10,000 

20,000 

40,000 

10,000 

20,000 

40,000 

3 

1-50 

3-47 

4-00 

5-76 

4-79 

4-06 

4 

1-22 

2-32 

2*60 

1-000 

1 00 

1-00 

5 

0-96 

1-82 

2-07 

0-291 

0-347 

0-383 

6 

0*93 

1*67 

1*88 

0-136 

0-169 l 

0-194 

7 

0-92 

1*59 

1*75 

0-076 

0-097 ! 

0-112 

8 

0-94 

1-52 

1-66 

0-048 

0-060 

0-070 

9 

0-95 

1-48 

1-60 

0-033 

0 040 

0-047 

10 

0*95 

1*44 

1*55 

0-023 

0-028 , 

0-033 

15 

0-93 

1-30 

1*40 

0 006 

0 007 ! 

0-009 


(Courtesy Chamberlain, J. W., Ap. J., 117, 387 (1953).) 


rapidly with «, b„ declines until recombination and subsequent cascade 
become the dominant factors populating the levels. Then b„ begins to rise 
once more. At a temperature of 40,000° K. the bn s for the thin collisional 
model resemble those for model C. 

The bn s and Balmer decrements for the collisional excitation of a nebula 
that is optically thick are given in Table IV : 9. A comparison of the Balmer 
decrements with those of Table IV : 1 shows that the collisional decrement 
is always much steeper. 

Finally, Chamberlain treated the situation in which the nebula is excited 
both by inelastic collision processes and by stellar radiation. Under these 
circumstances the Balmer decrement will depend on the electron tempera- 
ture T ( , the electron density, N € , and the character of the radiation from 
the central star. The expression for b n may be written in the form 

( 122 ) 


b n =( 1 — x)t)b,b + f(bT, 
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where bn represents the value of b n calculated for pure collisional excita- 
tion, and b„° is the value for model B, A 2 or C, depending on whether the 
nebula is thick or thin in the Lyman lines. Here 


b^e*' f” Wgdy a c {T t )TAi 2 N x 
GtKN< 


(123) 


When there is no external radiation W—0, 
equation is 

N x 3-26xlO- 6 (7r E 
N e ~ a c (T<)TA 12 ' 


1, and the ionization 
. . (124) 


Application of this formula shows that at 10,000° K. the nebula would be 
only about 1% ionized, at 20,000° K. about 95% ionized, and virtually 
completely ionized at 40,000° K. 

When there is no collisional ionization, Qf=0, and equation (50) holds. 
Since the radiative and collisional processes proceed independently, it is 
not difficult to understand how the resultant value of b„ may be found by 
a straightforward combination of the results for the two extremes. If N x 
and b x are eliminated from equation (123) with the aid of equation (11), 
we find 

1 (2nmk) il2 K f" Wgdy 

9( ~ N<a c (P)h 2 yif- 1) 

J y i 


(2nmk)^ 2 K WE x (y) 
h 2 N c a c (T, d ' 


(125) 


For a given set of values of T x , T t , and N e we may assume a series of 
values of ( -H and calculate the corresponding values of W from equation 
(125). If the assumption of an optically thin shell is retained, the geo- 
metrical dilution factor is simply W=R 2 /4r 2 . Thus for each value of Qf, 
the corresponding value of r may be found. Since the b„ s may be com- 
puted from equation (122) as soon as is known, the Balmer decrement 
may be calculated as a function of r. 

In an extended nebulous region whose state of ionization and electron 
temperature was the result of the dissipation of mechanical energy or the 
relic of some previous excitation stage, the collisional decrement would 
prevail except in the immediate neighbourhood of exciting stars where the 
radiative decrement might hold. 

Chamberlain made detailed applications to the Network nebula. 
Although it now appears that this particular nebula is more probably 
excited by radiation than by electron collisions, this analysis may be 
applied to other objects where the temperature of the electron gas may be 
high. The relative importance of collisional and radiative excitation 
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depends on the electron density and temperature, on the density of neutral 
hydrogen atoms, and on the dilution of the radiation. For any given 
situation it is necessary, therefore, to know the electron temperature, the 
dilution of the radiation, and the density. When these factors are given, 
the relative importance of the two contributions to the line excitation 
may be worked out. We can make some rough estimates for a represen- 
tative planetary. As an example, consider a nebula similar to IC 418 
for which we tentatively adopt the following values: 7\= 30,000° K., 
iV £ ~ 15 x 10 3 electrons/cm. 3 , radius of shell=l-6xl0 17 cm. If 
T e =20,000° K., <z c =5-4 x 10 -12 , and from equation (125) we find 0-03. 
With the aid of equation (122) and Tables IV : 1 and 9 we readily verify that 
the Balmer decrement will differ from that of the purely radiative model 
by an amount that is too small to detect. At lower temperatures the 
deviations will be even smaller. If T e were as high as 30,000° K. and 
N e '~-‘3 x 10 4 , would be about 0-5, and deviations from the radiative 
decrement would begin to be important. In a thick nebular shell where 
W could become very small because of the infl uence of the e~ r factor near 
the outer boundary, a zone in which collisional excitations become 
important might exist. 

The cooling effect of the collisional excitation of the hydrogen lines 
might be estimated as a function of N ( and T € . Even though only a small 
fraction of the actual intensities of the Balmer fines may represent colli- 
sional excitation, the dissipation of energy by this source is not negligible. 
Suppose that 2% of the atoms in the third level in hydrogen were excited 
by electron collision. Then 2 % of the intensity of Ha is to be attributed 
to collisions. On the other hand, the relative amount of energy liberated 
in Ha and Lyfi will be in the proportion A(Ha)v(Ha)jA(Lyfl)v(Ly(}) =0-14. 
Therefore the actual amount of energy represented in collisional dis- 
sipation in the excitation of Ha will be about 17% of the emission 
in Ha. 

As we shall see in the next chapter, the electron temperatures of the 
planetaries fall between about 8000° K. and 20,000° K. The dissipation of 
energy in the collisional excitation of the high hydrogen levels is probably 
not important in a typical planetary. 

7. Transient Effects 

So far we have treated the nebulae as in steady states, and this approxi- 
mation probably holds for most planetaries and ordinary diffuse nebulae. 
For other objects such as the shells around novae and perhaps the radio 
sources, a steady state does not exist and recombination must be taken 
into account. No general solution of the problem can be given, and by 
way of illustration we shall treat as a very special example an ionized 
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filament of gas consisting of hydrogen with a trace of oxygen. We suppose 
that initially all the hydrogen was ionized and oxygen was ionized in the 
proportions N X Q , N 2 °, and N 3 ° corresponding to O, 0+, and 0 ++ . The 
external source of excitation is suddenly cut off and the gas is allowed to 
recombine. 

The electron density at any time will be controlled by the ionization of 
hydrogen. We can assume N e =N, and shall suppose that T t remains 
constant. Then 

dN 

—1 = -a H N t 2 , . . . (126) 

at 


where the recombination coefficient a H depends only on the electron 
temperature, T e . Integrating this expression, we get 


N e 


Ne° 

1 +a H tNP’ 


(127) 


where N e ° is the initial density of electrons (or hydrogen ions). The rate 
of depletion of 0++ ions by recombination will be 

= -a 3 N 3 N t , . . . (128) 

where a 3 is the capture coefficient for electrons by 0 ++ ions. 

N 3 =N 3 °(1 +a H N ( °t)-^ laB \ . . (129) 


The rate of change of the number of 0 + ions will be given by 


~ =-a 2 NN 2 +a 3 N e N 3 . . . (130) 

at 

This first order differential equation can be solved by conventional 
methods. We find 

N 2 = r N 2 ° — A^3°l(l +a H AW)“ (a * /afl) 

L « 2— «3 J 


<*3 


N 3 °[l+a H N'°t]- M °*K 


(131) 


a 2 —a 3 

Finally, the number of neutral oxygen atoms will increase at the rate 


dNy 


(132) 


Substitution from equations (127) and (131) yields 

N 3 = I — — W 3 0-W2 0 l (1 +a H NPt)- Man) 
V-CLo — fli J 


^a 2 — a 3 
«2 

a 2 — a 3 


N 3 %l+a H N^ty (aJaB) +N 1 0 +N 2 0 +N 3 Q . (133) 
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The next step is the evaluation of the recombination coefficients. The rate 
of decrease of the number of ions, N, will be (cf. equation 67) 


^l=-N,N.E\Av)va x jdv, . . (134) 

at j 

where the recombination cross-section for level j is related to the absorp- 
tion coefficient from the same level by equation (70). The absorption 



Fig. IV : 6. Recombination of a Filament of Hot Gas. 
At f=0 it is assumed that all the hydrogen is ionized 
and oxygen is all doubly ionized as 0 ++ . The numbers 
of ions or atoms are given in terms of the initial number 
of 0 ++ ions and hydrogen ions. A' e ° is taken as 
10 4 electrons/cm. 3 , 7’ e =20,000°K. and N( 0 + +) < 10 4 . 


coefficients for the ground-levels of O, 0 + , and 0 ++ are given in Table 
IV : 6. We may suppose that the higher levels are hydrogenic. For hydrogen 
itself we have simply 


KZ* 

a H~ ^ 3/2 


J Tt . 


(135) 


If T is taken as 20,000° K., we find 


a/r=0-218 X 10"’, 

a 2 =0-955xl0 -7 , 
a 3 =l-28 XlO- 7 

if t is measured in days. As a numerical example, let us take a gaseous 
filament of density 10 4 atoms/cm. 3 and suppose that initially N^—N^—O. 
The change of concentrations of N t , N( O), N( 0+), and N(0 + + ) with time 
(plotted on a logarithmic scale) is illustrated in Fig. 6. The expansion of 
the gas is neglected. If T ( increases, the rate of recombination will be 
cut down. 
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Grotrian gave a very interesting interpretation of the deep minimu m in 
the light curve of DQ Herculis in terms of transient phenomena. (44) 

Exact quantitative treatments of non-equilibrium situations are extremely 
difficult, especially since the motions of gases in the diffuse nebulae (and 
possibly in the planetaries as well) may be complicated by magnetic fields. 
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CHAPTER V 


The Forbidden Lines 

1. Identification and Experimental Production of Forbidden Lines 

In Chapter III we mentioned that in the gaseous nebulae the strongest 
lines were frequently the forbidden ones of light atoms in various stages 
of ionization. This chapter will be devoted to a more detailed discussion 
of this type of transition. (1) 

First let us consider the identifications of forbidden lines. Very few such 
lines can be observed in the laboratory. They are predicted from the 
energy differences between the metastable levels of the ground configura- 
tion. These levels are found from a detailed term analysis, often requiring 
a knowledge of intercombination lines which are weak and difficult to 
establish in light atoms.* 

Among highly ionized atoms the term analyses are often incomplete and 
the metastable levels cannot be found directly.* 2 ’ Under these circum- 
stances an extrapolation procedure which is well illustrated by Edlen and 
Swings’s identification of the A3346 and /3426 lines of the p 2 configuration 
of [AeV] is sometimes useful. These fines were identified independently 
by I. S. Bowen. First we write down the wave numbers of the nebular 
type transitions for the ions of the 2 p 2 electronic sequence. Cl, MI, OIII, 
FIV (columns 2 and 3). The difference between columns 2 and 3 gives us 
the energy difference between 3 P 2 and 3 P\ in wave number units (column 4). 


Ion 

3 p 2 -'d 2 

^1-^2 

Av 

Av 

‘Ar'So 


Cl 

10150 

10178 

27*5 

2-290 

11455 

21632 


5034 



0-721 

5916 


Nil 

15184 

15267 

82*2 

3-011 

17371 

32638 


4780 



0-718 

5542 


OIII 

19964 

20158 

193-4 

3-729 

22913 

— 





0*707 

5390 


FlY 

24624 

25011 

387 

4-436 

28303 

— 


4580 



0*702 

(5320) 

* 

NeW 

(29204) 

(29900) 

(696) 

<5-37) 

(33623) 

— 


* Furthermore, the positions of the low-lying metastable levels are inferred from spectra 
lines in the far ultra-violet. An error in frequency units may be fairly large and the resultant 
6X may be of the order of several Angstroms. For example, if we use lines in the neighbour- 
hood of 330 A. to establish the position of a metastable term, an error of 0 01 A. gives an error 
in the term value of zlv =<5A/A 2 = 0*01/(330) 2 =9 cm.- 1 . At A4500, the error would amount to 
two Angstrom units. 
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Experimental studies of isoelectronic sequences show that the fourth root 
of the term splitting varies nearly linearly with Z (column 5) at least for 
small Z. Hence we can predict the wave number separations Av ~ 696 for 
the nebular lines of [iVeV] with some confidence, even though the positions 
of the lines, estimated at v = 29204 and 29900 are somewhat uncertain. 
Before the identification can be considered as satisfactory, the difference 
between the estimated and observed wavelength must be smaller than the 
limits allowable in the interpolation or extrapolation, and the separations 
of the lines in wave number units must agree with the predicted values. 
The intensity ratio must be the same in each object and approximately 
equal to that predicted by theory. Finally, if we are concerned with 
forbidden lines in planetary nebulae, the sizes of the images obtained on 
slitless spectrograms must be the same for both lines. The wavelengths 
predicted by this method are in satisfactory agreement with observed 
values. The measured separation between the lines in wave number units 
is in excellent agreement with theoretical predictions. 


Transition 

Pred. X 

Obsd. A 

V 

Av obsd. 

3 P r-'Vi 

3424-2 

3425-8 

39190 

697 

i P l - l D 2 

3344-5 

3345-9 

29887 


In many nebulae the [AteV] images are confused with certain ultra- 
violet OIII lines, so that intensity estimates cannot be made. If we exclude 
the objects with strong OIII lines we find the following intensity ratios 
from observations obtained at the Lick Observatory: 


Nebula 
NGC 7027 
NGC 2022 
Anon 21 h 31 m 
NGC 2440 


1(3426) /I(3346) 

2- 1 Theoretical ratio =2-6 

2-6 

3- 2 
2-4 


In view of the uncertainty of the observations, the agreement can be 
regarded as satisfactory. 

For the production of the forbidden fines of 01 in the laboratory, 
McLennan, McLeod, and McQuarrie (3) found that the best procedure was 
to use a heavy discharge either in pure oxygen at about 2 mm. pressure 
in a rather large tube— or in a trace of oxygen in an atmosphere of helium 
or argon. The latter technique yielded the larger intensity, presumably 
because 01 atoms in metastable levels cannot be de-excited by collisions 
with atoms of the noble gases. The energy levels of the noble gases are 
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all very high (10-20 e.v.), whereas the 1 S level of 01 has an excitation 
potential of 5*3 e.v. Atoms then tend to accumulate in the metastable levels 
from which they can escape only by radiative transitions to lower levels. 
Diffuison to the walls with consequent destruction of the metastable 
levels by collision is inhibited by the presence of the noble gas. In the pure 
oxygen discharge super-elastic collisions must be very effective in de- 
exciting the atoms so that the population of the 1 S and 1 D levels would 
be governed by the electron temperature in the tube. The total emission 
depends on the total number of radiating atoms in the available volume. 
That is, the emission per unit volume is 

E—NAhv, 

where N is the number of atoms in the upper level. If the density is low, 
the emission per unit volume is likewise small and the intensity will become 
too small to be observed. The rare gas mixture has the advantage of a low 
rate of de-excitation, but the pure oxygen has the advantage that the total 
number of 01 atoms is very much larger. 

Niewodniczanski (4) used a high-frequency oscillator and external elec- 
trodes to excite forbidden lines of gases placed in a quartz tube. To obtain 
the spectrum of singly ionized atoms, e.g. Hgll, a hollow cathode discharge 
tube (which gives a rapid voltage drop along the tube) yields better results. 

Prokofjew, (5) by means of an anomalous dispersion method, measured 
the relative /-values of the first member of the forbidden s 2 S-d 2 D and the 
first member of the permitted s 2 S-p 2 P doublets in the alkalis, Na, K, and 
Rb, and found the ratios to vary between 1 x 10 6 and 3 x 10 6 in good 
agreement with the predictions by A. F. Stevenson. <6) 

Certain types of forbidden transitions, e.g. in helium, are produced 
under the influence of external electric fields. Such transitions, while of 
importance in stellar atmospheres, are not of significance in gaseous 
nebulae, and we shall not discuss them here. 

Improvements in experimental techniques and excitation conditions 
may improve the laboratory studies of forbidden transitions. The study 
of forbidden lines in the highly ionized atoms of astrophysical interest, 
e.g. Neill, OIII, etc., cannot be undertaken in the laboratory. It is impos- 
sible to produce sufficient numbers of ions in the requisite metastable 
levels to build up the intensities of the forbidden lines to observable values. 

2. Dipole and Quadrupole Radiation 

The spectral lines ordinarily met in physical experiments or solar and 

stellar observations are of the electric dipole type, i.e. their polarization 

properties, etc., resemble that of a dipole antenna. Forbidden lines on 

the other hand, correspond to electric quadrupole or magnetic dipole 
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radiation in classical radiation theory. <7) We recall here very briefly those 
portions of the theory useful for our purposes.* 8 * 

Maxwell’s equations of the electromagnetic field express the funda- 
mental relations between charges and currents on the one hand and 
electric and magnetic fields on the other. They include Coulomb’s law, 
the law of electromagnetic induction, the continuity of magnetic lines of 
force, and Ampere’s law generalized for the displacement current. A 
solution of these equations for the specified initial distribution of charges 
and their motions gives the values of E and H for the surrounding regions 
of space as well as in the immediate neighbourhood of the charges. 

If a sphere is drawn, including all charges and currents, the integration 
of the Poynting vector, 

N=j-(ExH), . . . (1) 


over the entire surface of a sphere will give the total amount of energy 
radiated by the system of charges. 

In many problems it is expedient to employ the so-called vector and 
scalar potentials A and <p which are defined in terms of charge density q 
and current density q\/c as follows 


A= 





( 2 ) 


where R is the distance from the element of current or charge, dr is the 
element of volume, e is the dielectric constant, and the square brackets 
mean that the retarded potential is to be computed, i.e. A and <p are to be 
calculated with q and q\ values valid for the time ( t—R/c ). We express 
charges in electrostatic units and currents in electromagnetic units. The 
electric and magnetic fields E and H are related to <p and A by 


E=— V<p— 


1 ^ ] 

~c 8t’ l 


H=VxA=curlA. J 


(3) 


In electromagnetic units the magnetic moment of a closed circuit is ia, 
where a is the area of the circuit and i is the current. The current is given 
by i =q\/c, so that the magnetic moment becomes 

M=^-J (rXQ\)dr. 

2c 

Now suppose that q and qv vary harmonically with the time, i.e. 

q =£>(a - , y, z) exp (2nivt). 


( 4 ) 
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Then, with the aid of Maxwell’s equations and the expression (3) for E 
and H we may calculate A and q>. At large distances from the atom we find 

1 "I 

<p= - exp (2nivt— ikr)[Hd . D—\k 2 i r . Q . i], 

[ k2 \ < 5 ) 

A= - exp {2mvt—ikr)[ikD—ik\ r xM— — Q . i r ] 
r 2 

with k=2nvjc, and 

D=iQidr, Q=ferr dr, . . (6) 


where i r is the unit vector in the direction of the radius r drawn from the 
origin, D is the electric dipole moment (a vector), and Q is the quadrupole 
moment (a dyad). We have neglected the terms 1/r 2 as we are interested 
only in the electromagnetic waves at large distances from the atom, i.e. in 
the wave zone. The first term on the right-hand side of the expression for 
<p is the electric dipole term, and the second is the electric quadrupole term. 
The vector potential A contains an electric dipole, a magnetic dipole, and 
an electric quadrupole term. From equations (3) and (1) we may calculate 
the Poynting vector for the three types of radiation. There results 


ck 6 

N,= ~^ 2 [(Q . ir) . (Q • ir)-(ir . Q . h)(h . Q . t)]i U 
N m = ^ ^ [M . M— (M . i r ) 2 ]i„ 


( 7 ) 


where N e , N ff , and N m refer respectively to the electric dipole, electric 
quadrupole, and magnetic dipole radiation fields. 

That is, a system of moving electric charges emits not only electric 
dipole radiation but also magnetic dipole and electric quadrupole radia- 
tion. The terms corresponding to electric octopole and magnetic quadru- 
pole radiation have been omitted as they are of no importance in optical 
spectroscopy. The report of Rubinowicz gives a good account of these 
radiations. 

In applying these equations to the quantum theory we replace the 
classical definitions of D, M, and Q given in equations (4) and (6) by the 
following 

D=— sZr„ Q =— sEriti, 

i i 




( 8 ) 
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where the summation is carried out over the electrons of the atom. The 
factor of (2) in the expression for M comes from the anomalous ratio of 
magnetic to mechanical moment for the electron spin. One may apply the 
correspondence principle to equations (7) to obtain the proper quantum 
mechanical expression (see Condon and Shortley, Theory of Atomic Spectra, 
p. 89 abbreviated as TAS). The rate of emission of energy over a sphere 
of large radius then will be 


64 n 4 v 4 


'« - ^ ZN(aJWaJM\ Q : Q| a'J’ MV 


Here N(aJM ) denotes the number of atoms in the upper state characterized 
by the quantum numbers nlSJM, which we abbreviate simply as aJM. 
The number of atoms in a given level, aJ, is N(aJ)=(2J+\)N(aJM), 
assuming that N(aJM) is independent of M. The matrix elements are 
defined by 

(aJM\ D | a' J'M') = e J y>(aJM)np(a' J' M')dr, 

(aJM\ Q | a'J'M')=eSy>(aJM)ny>(a'J'M')dt, 

{aJM\ M | a’ J'M') = J xp(aJM)(L+lS)tp{a'J'M')dt, 



where the quantum number M denotes the Mj of the upper level of the 
transition, M' the Mj of the lower level. The summation is carried out 
over all Zeeman components comprising the transition nlLSJ-n’l'L'S'J'. 
Following the terminology of Condon and Shortley, we define the sum of 
the squared matrix components occurring in equation (9) as the strength 
of the line,*®* S(aJ", a'J'f That is, 

S e (aJ; a'/') = J ( aJM \ D | a' J’M') 2 , 
mTm' 

S m (aJ; a'J') = J (aJM\M\a' J' M’Y, 

S q (aJ\ a'J') = J (pJM\ Q| a' J'M') 2 , 
mTm’ 

where the summations are to be extended over all the (2/+1) states of the 
upper level and the (2/'+!) states of the lower level. 

Since the intensity of a spectral line is given by 

/(a/; a'J’) =N(aJ)A(aJ; a'J')hv, 




( 12 ) 
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the corresponding transition probabilities (. Einstein A coefficients ) are 
given by 



64n 4 v 3 _ , , , 

3hc 3 Se(aJ ’ “ J ) 

- (13) 

for electric dipole radiation, 

1 

64 n 4 v 3 

- (14) 

A m (ciJ , ci J ) — 2j_j_ j 

3hc 3 Sm ( aJ ’ aJ ) 

for magnetic dipole radiation, and 

1 

32 n 6 v s , 

. (15) 


5hc s 


for electric quadrupole radiation. The statistical weight of the upper level 
of the transition is (2 J+ 1). 

If electric dipole radiation is permitted, the other types of transitions 
may be neglected. Only when the electric dipole component is missing do 
the other types of radiation become important. 

Before calculating the transition probabilities by quantum mechanics 
we may find it worth while to discuss the order of magnitude of the transi- 
tion probabilities to be expected and something about the selection rules. 
In making estimates of these quantities (and often other atomic quantities 
as well) it is expedient to make use of what are called atomic units (10) 
instead of the usual anthropomorphic c.g.s. units. In this system the unit 
of length is the radius of the first Bohr orbit 0=0-528 XlO -8 cm., unit 
time r is the interval required for an electron to go one radian in the first 
Bohr orbit, the unit of mass is the mass of the electron, and the unit of 
angular momentum is the quantum unit ft =hfln. 

First let us estimate the electric dipole transition probability for a line 
at A5280 whose wavelength is 10 4 o and whose wave number vjc is conse- 
quently 10- 4 o-‘. The strength of the line will depend on whether the jump 
is between two nearby levels for which S is of the order of 1 or larger, or 
whether it is between a low and a high level. In the lower level the electron 
is close to the nucleus; in the higher level it moves in a remote orbit. In 
hydrogen, for example, the strengths of the individual transitions are 

|(2p|D|L0|2= 1-66, | | D | Is) | 2 =0-267, 

|(3p|D|2y)| 2 = 9-4, j(4/?|D|ls)| 2 =0-093. 

|(4p|D|3j)| 2 =29-9, 

For our order of magnitude calculation let us take this dipole moment 
integral to be 1 . Then A e will be 

3/it-J 3A/2.1 (lO-a)J 3xlOH 
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in atomic units. To get it in seconds we must multiply by 1/r, where 
t= 2-42 x 10 -17 sec. Thus 

A e ~ 1-4 x 10 7 sec., 

which may be compared with the transition probabilities for the various 
components of Ha which range from 01 x 10 7 sec. -1 to l-6x 10 7 sec. -1 . 

Now the ratio ~ A m /A e depends on the size of (aJM\M\a'J'M') 2 . 
Since 


M= 


e 

2mc 


2U,+2S,), 


and L and S are of the order of 1, A m IA e will be of the order of 1/c 2 , where 
c=137 in atomic units. Thus the magnetic dipole transition probability 
will be 


1-4 xlO 7 
(137) 2 


1 x 10 3 sec. -1 . 


We can estimate A m in another way by noting that an electron moving in 
an orbit corresponds to a current ev/c which is 1/c in atomic units, since 
the electron velocity is unity as noted above. The size of the orbit is of 
the order of 1 atomic unit, so M (as defined via equation (4) and the 
corresponding quantum mechanical expression) will be ~l/c atomic 
units. 

Similarly we may calculate A q jA t . Taking the strengths again equal to 1, 
we find 


A q 32 3 v 2 
Ae~ 5 64 71 c 2 


= 3xlO - 8, 


so that A q =3 x 10 -8 ^„=0-4 sec. -1 . In the X-ray region vjc may be of 
the order of 1, and the quadrupole radiation could become much more 
important. 

To summarize, we have the following estimates of relative and absolute 
transition probabilities for the single Zeeman components of lines. 



Electric Dipole 

Magnetic Dipole 

Electric Quadrupole 

A/A d 

1 

5x10-5 

3 x 10 -8 

A 

1-4 xlO 7 sec. -1 

10 3 sec. -1 

0-4 sec. -1 


In favourable circumstances where all the selection rules are obeyed, the 
transition probability will be higher than this because there will be several 
states to which jumps may take place. If the radial quantum integral is 
small, the lines will be weaker. Finally, due account must be taken of the 
v 3 and v 5 factors. 
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Thus the calculations of the A values reduces to the computation of the 
matrix elements given by equation (10). 

3. Selection Rules 

The symmetry properties (angular variations) of the wave functions are 
such that the matrix elements for electric dipole, magnetic dipole, and 
electric quadrupole radiation vanish unless rather restrictive conditions 
known as selection rules are satisfied. We summarize them in Table V : 1 to 
which we may append the following remarks. 

The conditions imposed on the parity, which is odd if the sum of the 
/-values of the individual electrons is odd and even otherwise, are rigorous. 
Electric dipole transitions cannot occur between two levels of the same 
configuration, whereas electric quadrupole transitions may occur between 
two levels of the same configuration. In any instance where the configura- 
tion assignment is exact, the configurations between which the transitions 
take place cannot differ in the quantum numbers of more than one electron. 
The selection rules on J and M are rigorous except for perturbations 
produced by hyperfine structure. 

Table V : 1 
Selection Rules 


Electric Dipole 
Radiation 

Magnetic Dipole 

Radiation 

Electric Quadrupole 
Radiation 

Parity (determined by odd or even El) 

must change* 

cannot change 

cannot change 

(even - odd) 

even - even 
odd - odd 

even - even 
odd - odd 

Configuration 

An~ arbitrary 
Al=±l 

Jn=0| 

Al=Q 

zln= arbitrary 

Al—Q, ±2 

Inner Quantum Number J 

AJ =±1,0* 

0-*0 is not allowed 

±1,0 

0->0 is not allowed 

0, ±1, ±2 

(0->0, 1^0 



are not allowed) 

Magnetic Quantum number M 

AM=± 1,0 

±1,0 

0, ±1, ±2 


* This rule is broken down under the influence of an electric field (i.e. in the Stark effect), 
t This is equivalent to the statement that in magnetic dipole radiation, only transitions 
between terms of the same configuration occur. 
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In strict LS coupling, intersystem combinations are forbidden for all 
types of radiation (i.e. the spin quantum number, S, does not change). In 
electric dipole radiation AL= 0, ±1, and for electric quadrupole radiation 
AL— 0, ±1, ±2 except that the jump 0->0 does not occur. For pure LS 
coupling no magnetic dipole transitions are allowed except between two 
levels of the same term, e.g. 3 P 2 - 3 Pi. Such transitions are of interest in 
connexion with the line spectrum of the corona. The green nebular lines 
A4959 and A5007 of [GUI] represent magnetic dipole transitions between 
the l D 2 and 3 P terms. They occur only because of deviations from strict 
LS coupling, and we shall see in Section 4 that their strengths depend on 
a parameter % which is essentially a measure of the departure from LS 
coupling. 

4 . An Illustrative Quantum Mechanical Calculation of the Strength of a 
Forbidden Line 

The actual calculation of the line strengths given in equation (11) must 
be accomplished by quantum mechanics. For purposes of illustration, we 
may briefly review the calculation of the strengths of certain forbidden 
lines in [0111]. 

This section is intended accordingly for the reader who has some 
acquaintance with quantum mechanics and may be skipped without 
impairing the understanding of the remainder of this book. 

The wave functions required for the calculation of the integrals (10) 
must be found from the solution of the wave equation for complex 
atoms: (u) 


where 


Hy>=Wy>, 


H= 


v h 2 Zb 2 

| 8 n 2 m ^ n 


e 2 

+ V - + 27f(r)L.S. 

i? r ‘J 


(16) 

(17) 


In this equation the term in {} arises from the momentum of the electron 
and the Coulomb attraction of the nucleus of charge Z. The term in r v 
comes from the mutual electrostatic repulsion of the electrons while the 
LS term is magnetic in character; it arises from spin-orbit interaction. Here 


Hr) 


1 / 1 8V\ 

2 m 2 c 2 \ r dr / 


where V denotes the potential of the field in which the electron moves. 
The summation is carried out from z‘=l to N. This wave equation is 
not separable and we cannot neglect the ry term even in the first 
approximation. 
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Slater (12) suggested that for many purposes one could suppose that the 
cloud of electrons was more or less spherically distributed in a shell of 
some radius r 0 and acted to screen the nucleus. Hence when the electron 
was well outside the radius r 0 it moved in the field of a charge Z—(N— 1), 
while well inside r 0 it moved in the field of a charge Z. Slater supposed 
therefore that one could adopt as the first approximation a model in which 
each electron moved in a field of potential U(ri). The equation for the 
zero-order wave function becomes 


n r 

-2 


h 2 


* [_8 n 2 m 


V 2? /’o+ U(ri) 


Wo=Wan- 


(18) 


If we let W 0 =EWt, we get N separate equations for N electrons, viz. 

- — Vt 2 yi+ U(«)=Wi i=l,...N, . (19) 

8 n 2 m y>t 

which may be solved to give zero-order wave functions which have 
hydrogen-like angular variables and non-hydrogenic radial functions. 
Hence 

y>i = R(nl) 0, mi $ m/ Ems, . . . (20) 


where E ms represents the electron spin function +1/2 or —1/2. Here 
nlmim s are the usual zero-order quantum numbers. That is, n and / have 
their usual significance and mi and m, are the projections of the / and s 
vector on a magnetic field so strong as to break down the usual coupling 
to form M l , M s , or Mj. In the approximation to which we are working 
these zero-order wave functions all have the same energy which depends 
only upon the configuration nl, so that all the levels of the same configura- 
tion have the same energy. 

The correct zero-order wave function of the atom is an antisymmetric 
sum of the products of the individual wave functions, i.e. 


n = 


l 

Vm 


u 2 (n 1 l 1 m s 1 mi 1 ) . . . . 
Ui(n 2 l 2 m s 2 mi 2 ) 


u 1 (n N l N m s N mi N ) 


( 21 ) 


where the w’s refer to wave functions and the etc., to the sets 

of quantum numbers. The subscripts of the w’s refer to the electrons. Such 
a determinental form ensures consistency with the Pauli exclusion principle, 
since the interchange of two rows (or columns) changes the sign of the 
result. 
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Slater next calculated the perturbations due to the electrostatic inter- 
action of the electrons, from integrals of the form 

£ 2 

Hgf=ly> g - y>fdr, 

and showed that this electrostatic interaction removed the degeneracy of 
the nl configuration, and resulted in the separation of the various terms. 
The splitting of the individual terms into the various J levels arises from 
spin-orbit interaction, i.e. the LS term in the Hamiltonian. If the electro- 
static interactions are much more important than the spin-orbit interaction, 
the atom approaches LS coupling; if the opposite is true the atom 
approaches jj coupling. 

Thus far we have spoken of the individual basic wave functions as 
expressed in the nlm s mi representation (the individual wave functions are 
hydrogen-like except for the radial factor). When the m s mi values of the 
individual electrons are given, we can calculate M L =Emi and M s =Em s , 
and express the wave functions of the configuration in the M L M S scheme. 
Finally, we can transform from a wave function with one set of MlMs 
values to a wave function with another set of MlMs values by means of 
the angular momentum operators.* 13) 

-JJ = (L x ±iL y )y)rLMi = (L Z \-M /,)(£. i Ml 1 }frL m l ± 1 , 

<S — (,S x ±iSy)y)rsM S — S TMsXS ±Ms~\- l)if>rsM s ± 1 , ( 22 ) 

£ — (JxJziJy)y>rjMj — \/ {J -F Mj)(J ± Mj-J 1 yprjMj ± i, 

JJz = Ml y>rLM L , c$ z —Ms VrsM s , 0 Z ~ Mj frjMy 

Our symbolism means that the operator L x +iL y acting upon the wave 
function frLM l will change it to the wave function y>rLMt+i multiplied by the 
factor V(L—M l )(L-\-M l + 1), and J? z acting upon this function will simply 
multiply it by M L . It is clear that if we know y>rsM L for any Ml we may find 
any other Ml by the application of these operators. To obtain the angular 
momenta in c.g.s. units multiply the right-hand side of eqn. (22) by h. 

We shall explain the use of these operators in the setting up of wave 
functions in the nlSLM L Ms scheme for the p 2 configuration. Our first 
task is to write down the possible combinations of m , and mi which the 
Pauli Exclusion Principle allows. Taking the m s mi values in pairs with no 
two m s mi values equal, we see that there are fifteen possibilities. Since the 
projection of the spin quantum number S on the magnetic field is either 
+ \ or — J we may denote it as + or — . (14) Thus 1 + 0 - means that for 
the first electron mi=- f 1, m s =+ J, and for the second electron mi= 0 , 
Each of these ( m s mi ) pairs will correspond to a definite wave 
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function and we shall denote the functions in this scheme by letters of the 
Roman alphabet. Thus 




Ml 

Ms 

Mj 

level 

J Mj 


1+1- 

A 

2 

0 

2 

2 

2 2 

a 

1+0+ 

B 

1 

1 

2 


1 


1+0- 

C 

1 

0 

1 

^ 

0 

y 

1+-1+ 

D 

0 

1 

1 

— 

-1 

d 

1+-1- 

E 

0 

0 

0 

— 

-2 

£ 

1-0+ 

F 

1 

0 

1 

3 *1 

1 1 

C 

1-0- 

G 

1 

-1 

0 


0 

V 

1--1+ 

H 

0 

0 

0 

— 

-1 

6 

1--1- 

I 

0 

-1 

-1 

3p o 

0 0 

i 

0+0- 

J 

0 

0 

0 

l Dz 

2 2 

X 

0+-1 + 

K 

-1 

+1 

0 


1 

A 

0+-1- 

L 

-1 

0 

-1 

— 

0 

P 

0-— 1 + 

M 

-1 

0 

-1 

— 

-1 

V 

0--1- 1 

N 

-1 

-1 

-2 

— 

-2 


-1+-1- ! 

P 

-2 

0 

-2 

% 

0 0 

n 


Successive columns give the mim s values for the two electrons (n is not 
specified and /= 1 is the same for all electrons), the Roman letter denoting 
the wave function, and the values of Ml, Ms, and Mj. There are fifteen 
Zeeman states characterized by L, S, J, and Mj, and these are entered in 
the table on the right-hand side of the page. Each level of a term has 
2/T 1 states. The columns give J, Mj, and the Greek letter designation 
of the wave functions in the JMj scheme. 

We can also arrange the various zero-order wave functions according 
to their MlMs values in a box as follows: 


Ml 


2 

1 

0 

-1 

-2 



B 

D 

K 


+ 1 

A 

C,F 

E, H, J 

M,L 

P 

O 


G 

I 

N 


-1 


We see that the states in the MlMs scheme correspond to 


Ms 


Ml= 2 , 1 , 0 , - 1 , -2 
Ml=1, 0 , -1 


M s = 0 QD 2 ) 

M s = 1, 0, -1 (^P) 


M l = 0 


and 


M s = 0 OS'). 
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Hence a p 2 configuration, as a consequence of the Pauli Exclusion 
Principle, gives a 3 P, a l D, and a *5 term. 

The 5=1+0+ entry must certainly belong to the 3 P 2 level with Mj—2. 
Similarly the .4=1+1- entry must belong to the 1 Z> 2 term with Mj—2. 
Therefore it follows that the a and x state wave functions in the Mj scheme 
must be equivalent to the B and A wave functions in the M L Ms scheme, i.e. 


«(/, Mj)=B(M l , Ms), 

x(J, Mj)=A(M l , Ms). . . (23) 

The functions in the other boxes must likewise be related to one another. 
For example, we can say that C+F is some combination of A, £, and /?. 
These combinations may be found with the aid of the angular momentum 
operators that express wave functions in the JMj scheme in terms of those 
of the MlMs scheme. <15) 

Consider the operational equation 

0=J?+c$=ZJ? t + Z<S,, . . ( 24 ) 

where the operator is to be used in the J, Mj scheme and the operators 
J? and in the MlMs scheme, while Ed?i and ES would be used in the 
m s mi scheme. We find that 


hence 


i.e. 


0 {*)= 0 { 2,2) = V^l(2, 1) =2A, 
J?(A)=J?( 1+1-)= V2(0+l-)+ a/20+0-) 
= -V 2F+V2C, 
c$(A) =cf(l +1 -) =(1 “I -) =0, 


A= 






(25) 


where the superscript (0 on the upper right-hand corner of ( l D 2 ) denotes 
the substate Mj= 1. Thus we can express our wave functions in the 
nlJMj scheme in terms of the zero-order wave functions, A, B, C, etc. In 
so far as the angular portions are concerned, the latter may be written 
down at once from the hydrogenic wave functions. 

The spin-orbit interaction represented by the term 27f,( L . S) in the 
Hamiltonian produces the deviation from strict LS coupling that makes 
possible magnetic dipole transitions such as 3 P- 1 Z>, 4 S- 2 D, etc. It is this 
interaction that splits the 3 P term into a 3 P 0 , a 3 P U and a 3 P 2 level whose 
mutual separations, although much smaller than the 3 P- l D separation, are 
not negligible. 
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States of the same J and Mj perturb each other. For example, in thep 2 
configuration under discussion the 1 <So and 3 Pq levels perturb one another, 
and the 3 P 2 level perturbs the X D 2 level. Under these circumstances we 
may no longer regard L and S as “good” quantum numbers since the strict 
Russell-Saunders coupling is no longer obeyed. In spite of the fact that 
we may no longer speak rigorously of the terms as *5, 1 D, and 3 P, since 
the l S 0 term has some of the properties of 3 P 0 and 1 D 2 takes on some of 
the character of 3 P 2 , in ions such as <9111 or NeV the perturbed term 
will he so very close to the unperturbed, strictly LS l S 0 term that we may 
designate it by Consequently the perturbed wave functions ought to 
be expressible in terms of the unperturbed wave functions, viz. 


0P’ 2 )=a0P 2 )+b( 1 D 2 )=(fi, ' 

0D' 2 )=e0P 2 )+A'D 2 )=S, 

m=ci 3 Po)+dQS 0 ), 

OS'o^gOSol+hm, 


(26) 


where the prime denotes the perturbed set. The perturbed as well as the 
pure LS wave functions form a normalized orthogonal set, i.e. 

$(A 2 dT= S43 2 dr= 1, l^dr=0. 

Hence 

( 3 P' 2 )-a( 3 P 2 )+6( 1 i) 2 )=f3, 
UD' 2 )=-bUP 2 )+a(W 2 )= ( m, I (2?) 

( 3 P'o)=c( 3 P 0 )+J(^o), I 

US'o)=cUS 0 )-dUP 0 ). 


In strict LS coupling a=c = 1 and b=d= 0, while a and c decrease and b 
and d increase as jj coupling is approached. The splitting of the individual 
terms due to spin-orbit interaction as compared with the electrostatic 
separation of the terms provides a measure of the deviation from LS 
coupling. Let the total perturbation in the original Hamiltonian be 
denoted by 

H’=H^H 2 , . . . (28) 

where Hi includes all perturbation terms of an electrostatic character 
while 

H 2 =Z{ri){Li . S 1 )-K(/- 2 )(L 2 . S 2 ) . . (29) 

is the spin-orbit perturbation. Strict LS coupling corresponds to taking 
# 2 =0, whereas in jj coupling H 2 is large compared with Hi. Now ( 3 P 2 ) 
and UD 2 ) are wave functions which were calculated with the electrostatic 
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perturbation H x taken into account. In the language of quantum mechanics 
we say they are “diagonal” in H x because an integral like 

(3P 2 \H x \ x D 2 ) 

vanishes. Similarly when we take the complete perturbation into account, 
<A and AB must be “diagonal” in H', i.e. 


((A \H x +H 2 \S)= \[a( 3 P 2 )+b( x D 2 )} \H x +H 2 \ [-h(3p 2 )+a(iZ) 2 )]rfr=0.<30> 


For an atom near LS coupling u 2 ~ 1 and b 2 <^ab, so we may neglect the 
terms in b 2 . We obtain 


b=a 

{'D 2 \H'\'D 2 )-(ip 2 \H'\*P 2 ) 


(31) 


The quantity in the denominator is simply the difference in energy between 
the x D 2 and 3 P 2 levels. The matrix element { 3 P 2 \H 2 \ X D 2 ) arises from the 
spin-orbit interaction between l D z and 3 P 2 . From Condon and Shortley’s 
table, <16) we find that for a p 2 configuration 


The integral 


(3/> 2 |i/ 2 |iD 2 )= ~C{np). 


J oo 

o R 2 (np)£(r)dr 


(32) 

(33) 


may be evaluated from the sphtting of the terms. <17) For example, in a p 2 
configuration the separation between the 3 P X and 3 P 0 levels is £( 3 P) 
=\'C(np). Thus the ratio bja may be found directly from the observed 
term splittings and separations. Condon and Shortley have calculated the 
matrix elements of spin-orbit interaction for a number of configurations 
in terms of £(«/),* 16) the spin-orbit parameter that can be found from the 
level separation in a given spectral term. 

Thus we see that for any level, b depends on the ratio of the spin-orbit 
sphtting to the electrostatic sphtting. For p 2 and p 3 configurations one 
may express b as a function of the parameter £=f/5 F 2 , where ?(«/) 
depends on the spin orbit interaction and F 2 , called the electrostatic 
interaction parameter, is a measure of the electrostatic sphtting. F 2 is 
defined in terms of the radial quantum integral which involves the radial 
wave functions, R(nl). G. H. Shortley and H. A. Robinson* 181 have 
worked out the values of the parameters C P , F 2 , and % for the p 2 , p 3 , and p 4 
configurations of various ions by fitting the observed energy levels and 
energy separations to theoretical curves. The ratio of any pair of intervals, 
e.g. ( 3 P 2 - 3 P 0 ) /( 1 *So- 1 D 2 ) should be fixed uniquely by %. Let 3 P C denote the 
centre of gravity of the triplet term (each level is assigned a weight 2/+1). 
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Robinson and Shortley determined the x values for the ions belonging to 
p 2 configurations by calculating it from the experimental value of the ratio 
i 3 P 2 - 3 Po)IUD- 3 P c ). For very small values of x 

(i£py — (terms in x 2 , etc.) 

is the asymptotic form of the theoretical relation between this particular 
interval ratio and x ( see TAS, p. 274). 

For example, for OIII we have the following data: 3 P 2 - 3 P 0 =306-8 cm. -1 , 
1 D 2 - 3 Po —20,27 1 cm. -1 , and 3 P C =208 cm. -1 . Hence, * =0-01 22 in good 
agreement with Robinson and Shortley’s 0-0120. 

Various other interval ratios may be plotted as a function of x (once 
X has been determined from one of them) and compared with the theoreti- 
cal predictions. The agreement is good and along an isoelectronic sequence 
the residuals are regular. Robinson and Shortley were able to predict new 
levels in XIV and CaVII. They also found that F 2 , ■$' C, and ■U x var Y 
linearly with Z along an isoelectronic sequence, except for the first few 
members thereof. 

Let us illustrate the calculation of the magnetic dipole moment by 
working it out for the Zeeman component 3 P 2 2 - 1 D 2 2 . We have that 

( 1 2) 2 2)'=fl(l+l-)+6(l + 0 + ), 

(wy = -*(i + i -)+«(i + o + ), 

and we want to calculate the matrix element 

[(3p 2 2y|L+2S|(W)']=[( 3 P 2 2 )'|J+S|(W)'], . (34) 

since 

L+2S=L+S+S=J+S. 

Now 

J( J P 2 2 )'J(Wy*=0, . . . (35) 

because J operating on ( 1 Z) 2 2 )' will yield a function of the form c l ( i D 2 1 )' 
+c 2 ( 1 D 2 2 )', which is still orthogonal to ( 3 P 2 2 )' since all the wave functions 
in the primed scheme are mutually orthogonal. Therefore, the dipole 
moment will depend upon the spin angular momentum S=Si+S 2 . With 
the aid of the spin momentum operator we obtain 


and finally 


S( 1 D 2 2 )'=S[a(l +1 - )+6(l +0+)] 

=[|6(i+/j)[(l-0+)+(l +0 - )]+6k(l +0+)], 

abk J(1 +0 + )(l +0+)dr 2 =(ab)k. 


We have also to calculate 

J( 3 F 2 1 )'S( 1 Z) 2 2 )Wr 1 rfr 2 


(36) 


( 37 ) 
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to obtain the other Zeeman component arising from the 1 D 2 2 state. By 
the method used in deriving equation (25) noting that ( 3 / > 2 2 )=(l + 0+) and 
applying equation (24) we find that 

(3P 2 1)= ~h D+ i F+ i C= ^(l + -l + m(l-0 + )+i(l + 0-). (38) 

From equations (27), (36), and (37) we get 

S(^)'S(W 2 2ydr 1 dr 2 =[i+ij]iab, . (39) 

and the total strength of the two Zeeman components arising from the 
1 D 2 2 state depends on [|(i+/j)+k]aZ>, the scalar amplitude of which is 
V3/2. The strength of the Zeeman component, 3/2 a 2 b 2 , must be multiplied 
by the statistical weight of the l D 2 levels 5, to give the strength of the 
1 D 2r 3 P 2 transition (see TAS, p. 72, equation (1)). We obtain accordingly, 

SJ}D 2 ’, 3 /> 2 ') = — a 2 b 2 . 

Similarly 

S m ( l D 2 , 3 P 1 ')=^b 2 , ... (40) 

as follows from the calculation of 


JW)' S(W 2 *y<h. 

Now a and b and hence S m depend on the parameter %. For small values 
of x Shortley and his associates have given the expansions * 19, 26) 


, 25 , 125 3 , 

a 144 X 864* + '"’ 

b== 12 12 X ~ 72 %2+ ‘ ‘ ■) 


• (41) 


The corresponding strengths, expressed in atomic units e 2 h 2 ll6n 2 m 2 c 2 , are: 

Srf>W,V0=|»>=||,*(l+| I -| z >+...). } * 

For large values of x the magnetic dipole strengths have been calculated 
from exact formulae. Estimates of x may be made from the data in term 
tables or taken from the paper of Shortley and Robinson. 

For example, for C>III we may adopt 6=0-0074 and ^ =0-0120. 
Then S m may be calculated from equation (42) and A computed from 
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equation (14). The 1 D 2 ~ 3 P 2 transition corresponds to the A5007 N\ line; 
the W 2 ->Pi transition to the A4959 jV 2 hne. We find 

A(W 2 ~ 3 P 2 )=0-016 sec.- 1 , 

A( 1 D 2 ~ 3 P 1 )=0-0054 sec.- 1 , 

in good agreement with the calculations of Pasternack. 1201 A more accurate 
computation due to Garstang' 211 gives A values of 0-021 and 0-0071, 
respectively. 

One important difference between the electric dipole and magnetic 
dipole radiation is that since the latter depends only on the spin component 
and not at all on the spatial coordinates of the electron, integration over 
space can give a result other than zero only if the initial and final level of 
the transition belongs to the same configuration. Thus is proven the 
selection rule stated in Table V: 1. 

The calculation of the strengths of the electric quadrupole lines depends 
upon the evaluation of integrals of the type 

J \%p*{nlmim s )nf(n'l'mi'm s ')dx, . . (43) 

which reduces to expressions of the form 

S q (LJ; L’J')=Q(LJ; L'J')s q 2 {np, np), . (44) 

where C q (LJ\ L'J') arises from the angular factors in the wave functions 
and depends numerically on the value of %. For example, we obtain for 
the auroral transitions in the p 2 configuration 


QOSV; 1 D 2 ) = ^ (bd+2ac) 2 


20/, 7 , \ 

- 3 V 24 X + ' * ‘j' 


(45) 


The s q factor depends on the radial quantum wave function, viz. 


s q =s q (np, np)= - £ 


r 2 R\np)dr, 


(46) 


which must be evaluated independently for each ion. Since s q 2 enters in 
the strength, it is evident that a very accurate knowledge of R(np) is 
required for an accurate transition probability. In atomic units, s q is of 
order of magnitude unity. 

As an example, let us calculate the transition probability for the A4363 
1 S 0 - 1 D 2 transition of [OIII). The factor % is 0-0120, so we may calculate 
C#So\ 1 P> 2 ) at once, but we can obtain S q only if we know s q . For our 
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illustrative calculation let us use the analytic representation of the Hartree 
radial wave function, viz. 

R{r)=rXae~ br +ce- dr ), . . . (47) 

where R(r) is subject to the normalization condition 

l&dr=\. . . . (48) 

Hebb and Menzel <22) give the following values for the empirical coefficients: 

0=10-415, 6=3-604, c=4-520, d= 2-014, 

when r is measured in atomic units. Hence 


Thus 



»°o 

r 2 R 2 (np)dr= 0-525. 

o 


(49) 


SqOSo', »D 2 ')~y^ 2 =l*85, 


and the quadrupole transition probability is ^ 9 ( 1 5' 0 1 i>2)=l ‘97 sec. -1 . The 
magnetic dipole moment for this transition is zero. 

The result differs from that of Pasternack, who finds A q = 2-8, and lies 
closer to that of Garstang, who finds s q =0-479 and .4, =1-6. The source 
of the discrepancy is to be found in the radial quantum integral s q , which 
Pasternack evaluated with the aid of hydrogen-like wave functions with 
screening constants, a„i, evaluated from the F z integrals of Slater. In this 
way an s q value of 0-636 is obtained. The screened wave function approxi- 
mation is often rather poor for ions of low ionization. 

To summarize, the electrostatic interaction between electrons separates 
the terms of a given configuration, whereas the spin-orbit interaction 
produces a splitting of the terms and deviations from the idealized situation 
of LS coupling. The ratio of spin-orbit to electrostatic splitting is expressed 
by a parameter %, in terms of which the strengths of magnetic dipole lines 
may be computed. Finally, if the radial wave function is known, the 
quadrupole strengths can also be calculated. 

The method assumes, among other things, that the perturbations of the 
levels arises from interactions between those of the same configuration. It 
does not take into account perturbations arising from interactions between 
terms of different configurations. That such an effect may be serious 
can be seen from a comparison of the observed and theoretical ratios 
( 1 5'- 1 Z))/ ( X D- 2 P ) for p 2 and p 4 . The theoretical value is 1-50 and the 
observed values are 1-13 for Cl and 1-14 for OI, Nil, and OIII. These 
departures may arise from the action of the 2p3p configuration, which 
probably affects the 1 D 2 - 1 S 0 interval. 
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5. Formulae and Tables of Forbidden Line Strengths and Transition Proba- 
bilities; Comparison between Theory and Observation 

The Einstein probability coefficient of spontaneous emission for magnetic 
dipole radiation, equation (14), may be written as 

A m {LJ-L'J’)= 35, 320 Q 3 sec.- 1 , (50) 

where v denotes the frequency of the radiation, R that of the Lyman limit, 
and S m (LJ ; L'J’) is the magnetic dipole strength expressed in atomic units, 
e 2 h 2 j\6n 2 m 2 c 2 , as in equation (42). 

The corresponding coefficient for electric quadrupole radiation is 

A 9 (LJ; sec. -1 , . (51) 

provided the quadrupole strength S q is expressed in atomic units e 2 a 0 4 
(where a 0 denotes the radius of the first Bohr orbit). 

Transition probabilities for certain forbidden lines appearing in the 
spectra of gaseous nebulae were estimated by A. Rubinowicz <23> and by 
A. F. Stevenson, <24) but the first reliable computations were those by E. U. 
Condon. <25) Some years later, when the number of known forbidden lines 
had been greatly increased by the work of Bowen and Wyse on the 
planetary nebulae, Simon Pasternack* 20) calculated an extensive list of 
transition probabilities for many lines of astrophysical interest. At about 
the same time Shortley, Baker, Menzel, and the writer* 26 ' published tables 
giving the line strengths for p 2 , p 3 , and p 4 configurations as a function of 
the parameter % which measures the deviation from LS coupling. With the 
X values taken from the compilation by Shortley and Robinson* 18 ' the 
A values computed from the tables of Shortley and his associates are in 
good agreement with those of Pasternack for magnetic dipole radiation, 
although for electric quadrupole radiation frequent differences are found 
because of the various estimates of the radial quantum integral. The 
advantage of the S(x) formulation was that it could be applied to lines of 
additional ions, e.g. those appearing in the corona, whose importance 
could not have been anticipated in 1939. 

The calculations of both Pasternack and of Shortley and his colleagues 
were based on the theory of intermediate coupling in which the perturba- 
tion was that due to the spin interaction of an electron with its own orbit. 
The predicted intensity ratios of various forbidden fines in the p 2 and p 4 
configurations have been compared with the observations, and generally a 
good agreement has been found to within the uncertainties in the photo- 
metry. For example, the intensity ratio of the 5007/4949 or N}N 2 fines of 
[OIII] is 2-93, according to the calculations of Garstang. Photo-electric 
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measures (cf. Chapter II) by Liller and the writer give 3-03 with a mean 
error of 0-11. 

A special problem was presented, however, by the 23726- 16 and 23728-91 
lines of [Oil] corresponding to the 4 S il2 ~ 2 D 3/2 and 4 S 3I2 - 2 D 5I2 transitions. 
This radiation is prominent in low excitation planetaries such as NGC 40, 
but particularly in the diffuse nebulae in our own and other galaxies. For 
example, the emission nebulosities in the Triangulum spiral show it to be 
stronger than the green [OIII] lines which are the strongest emissions in 
most planetaries. The extensive distribution of this emission throughout 
the gaseous nebulae and the gaseous component of the interstellar medium 
hints that information on the A values for these lines might aid the under- 
standing of the physical conditions in the gas where it originates. Now the 
doublet splitting of the 2 D and 2 P terms of the ground p 3 configuration of 
[Oil], viz. — 21-0 and — 1-5 cm. -1 , indicate that the configuration is very 
close to pure LS coupling. The infra-red auroral 2 D- 2 P transition is 
permitted even for pure LS coupling for electric quadrupole and magnetic 
dipole radiations. Jumps from 2 P or 2 D to 4 S can occur as deviations 
from LS coupling. Pasternack and Shortley and his colleagues derived 
strengths for 23729 and 23726 by taking into account the second-order 
spin-orbit interaction. Thus they found the theoretical intensity ratio 
7(3729) //(3726) to be T9 and 1-64, respectively. Menzel and the writer 
pointed out that this ratio was in serious contradiction to the observed 
value, which is in the neighbourhood of 0-49. Ufford, Van Vleck, and the 
writer* 27 1 showed that most of the discrepancy could be removed if one 
included not only the second-order effect of spin-orbit interaction but also 
the first-order effect of spin-spin interaction and spin-other-orbit inter- 
action. The last-mentioned magnetic interaction actually has little influ- 
ence on the intensity ratio, but does contribute to the splitting of the 
doublet D and P terms which should vanish in the first approximation for 
a p 3 configuration since the shell is half complete. Thus in addition to the 
parameter f which is involved in ordinary spin-orbit interaction of 
equation (33), there is also a parameter 


V= 



f2~ 3 Rl p (r 2 )R 2 2 P (ri)dr 1 dr 2 , 

0 


(52) 


which is numerically much smaller than t, but becomes important in p 3 
configurations. When the C and rj factors are evaluated from the wave 
functions derived from the self-consistent fields of Hartree and Black, the 
7(3729)//(3726) ratio is found to be 0-58. A discrepancy of about 20% yet 
remains, but this may be due to polarization and configuration interaction. 

Ufford and Gilmour carried out similar calculations for the p 3 configura- 
tion of [jVI], ( 28) while Garstang treated [SII] in which he found that in 
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contrast to [Oil] and [M] the intensity ratio /( 2 D Sj 2 - 4 S 3 i 2 ) IE 2 L > 3/ 2 - 4 S3/ 2) 
did not depend critically upon rj. By using Hartree wave functions com- 
puted with electron exchange taken into account Garstang found a ratio 
of 0-47 for /(3729)//(3726) in OII. ,29 > 

Garstang has also computed the energies and A values for the p 2 and p A 
configurations, including the spin-spin interaction. He finds substantial 
differences between his results and those of Pasternack, due partly to im- 
proved estimates of s q and £, the introduction of the rj integral, and the use 
of experimental DP and SP term separations rather than theoretical calcu- 
lations. Table V : 2 gives the A values for a number of ions of astrophysical 
interest. It is based on the calculations of Garstang, D. Osterbrock, (30) Ali 
Naqvi, and of Pasternack. 

The transition probabilities for forbidden lines are in a relatively satis- 
factory form for many lines of astrophysical interest. Unfortunately, the 
intensities of forbidden lines in stars and nebulae depend not only on the 
transition probabilities but also on the target areas for collisional excita- 
tion. The theory for the latter cannot yet be regarded as completely 
satisfactory. 


6. Collisional Excitation of the Forbidden Lines 

Let Na denote the number of atoms/cm. 3 in a level A and N e the corre- 
sponding number of electrons. If the velocity distribution of the electrons 
is/(®), where f{v) is given by equation (68) (Chapter IV), the total number 
of collisional excitations/cm. 3 /sec. to a level B will be 


S r AB=N A N t 


o AB vf(v)dv, 


J V 0 


(53) 


where the cross-section for collisional excitation o A b may be written in 
the form 


h 2 Q(A,B) 4-17 fJ(A,B) 

2J A + l 4 nm 2 v 2 2J a +\ v 2 Cm ' ' ( * 


The target area parameter Q(A,B) is calculated by quantum mechanics. If 
equation (54) is put in equation (53) the total number of collisional 
excitations/cm. 3 /sec. will be 


3 r AB = N A N c 


Q(A,B) h 2 


=8-54x10-6 


2/^ + 1 2jzfti 2 

N a N< Q(A,B) 


/ m \ 1 
\2nkTj 


£ ~XABl kT € 
e—XABl kT €' 


(55) 


VT ( 2J a j t 1 

where the energy difference between levels, %ab, is related to the velocity 
vq by 


%mv 0 2 =X A b. 


(56) 
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Table V : 2 

Transition Probabilities of Forbidden Lines Observed in the Spectra of 

Gaseous Nebulae 

(2 and 3 p n Configurations) 


2 p 2 Configuration* n 


Transition 

Type 

Cl 

NIL 

OIII 

FIN 

NeN 

1 £> 2 - 1 ^o 

€ 

A8727-4 

5754*8 

4363*21 

3532*2 

2972 


0*50 

1*08 

1*6 

2*1 

2*6 

^So 

e 

A 4627-3 

3070*0 






o-o 4 ^ 

0(P16 

0-0 3 71 

0*0023 

0*0068 



24621*5 

3063*0 





m 

0 0026 

; 0*034 

0*23 

1*1 

4*2 

3 Pr- l D 2 


A9849-5 

6583*4 

5006*84 

4060*2 

3425*9 


m 

0-00023 

00030 

0*021 

0*098 

0*38 


e 

00512 

0*0594 

0*0441 

0*0 3 13 

0*0 3 39 

3 Pi ~' d 2 


A9823-4 

6548*1 

4958*91 

3997*4 

3345*8 


m 

0-0 4 78 

0 00103 

0*0071 

0*034 

0*14 


e 

0-0617 

00514 

0*0562 

00421 

0*0462 

3 P 0 - x D 2 


A9808-9 

6527-4 

4931-0 



e 

0-0 7 55 

0-0«42 

00 5 19 

0-0564 

OO 4 ^ 


2 p 4 Configuration* 11 


1 

Transition ; 

Type 

Ol 

FII 

Nelli 

NalN 

1 d 2 - 1 s i> 


5577*350 

4157*5 

3342*9 



e 

1*28 

2*1 

2*8 

3-1 < 2 > 

'Pr-'So 

e 

0-0537 

00016 

0 0051 


3 Pi- 'S 0 


2972*3 





m 

0*078 

0*49 

2*2 


3 P 2 -'D 2 


6300*23 

4789*5 

3868*74 

3319-3 ( 2 > 


m 

0*0069 

0*044 

0*20 

0-619 


e 

0*0424 

0*0496 

0*0 3 30 


3 P \- x D 2 


6363*88 

4869*3 

3967*51 

3445-9 < 2 > 

m 

0 0022 

0*0138 

0*060 

0-185 


e 

0*0532 

00413 

0*0438 


3 p^d 2 


0 0511 

0-0 5 41 

oon2 
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3 p 2 Configuration' 21 


Transition 

Type 

Sil 

Pll 

Sill 

C/IV , 

AW \ 

KW1 

1 d 2 -'s 0 

e 

10991*52 

2*1 

7869*5 

2*9 

6312*1 

3*6 

5323*3 

4*2 

4625*5 

4*8 

mi 

8-1 ( 4 > 

>P 2- l So 

e 

6589*74 

0*0030 

4736*6 

0*0099 

3796*7 

0*024 

3203*2 

0*055 

0*10 

0-30 ( 4 ) 

3 P i-^0 

m 

6526-85 

0-0358 

4669*5 

0*223 

3721*8 

0*842 

3118-3 

2*56 

6*76 


^2-^2 

m 

0*00273 

11898*2 

0*0169 

9532*1 

0*0642 

8045*6 

0*197 

7005*7 

0*519 

6229*2 

1*20 

} Pl- l P>2 

m 

e 

0 000978 

11483*2 

0*00627 

9069*4 

0*0249 

7530*5 

0*0802 

6435*10 

0*224 

5603*2 

0*553 


2 p 3 Configuration' 21 


Transition 

Type 

NI 

Oil 

Fill 

NelW 

NdV 

2 P3ir*D 5 i 2 


10395*4 

7319*9 

5721*1 

4714*2 

4011*2 

m 

0-0 3 558 

000500 

0*0281 

0*119 

0*406 


e 

0*081 

0*14 

0*15 

0*19 

0*24 

Z P 3/2~ 2 7>3/2 


10404*1 

7330*7 

5733*0 

4724*2 

4015*3 

m 

0-0 3 999 

0*00885 

0*0494 

0*211 

0*722 


e 

0*035 

0*058 

0*064 

0*082 

0*10 

2p \ii- 2D m 


10404*1 

7329*9 


4725*6 

4021*6 

m 

0-0 3 620 

000553 

0*0309 

0*132 

0*448 


e 

0*070 

0*12 

0*13 

0*16 

0*20 

Z P 1I2- 2D 5I2 


10395*4 

7318*6 


4715*6 

4017*5 

e 

0 047 

0*078 

0*087 

0-11 

0*13 

2 d 5I2 -*s }I2 


5200-4 O) 

3728-91 <3) 




m 

005104 

0-0 5 445 

omos 




e 

0-0 5 86 

0W1 

0-00012 



2 ^3/2“ 4 ^3/2 


5197-9 ® 

3726-16 (3) 




m 

0-0 4 245 

003200 

0 00134 




e 

0-0 s 56 

00*21 

0-0*11 



2p 3/2- 4 ^3/2 


3466*4 





m 

000537 





2p l/2- 4 ^3/2 

m 

0*00214 
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3 p* Configuration* 2 > 


Transition 

Type 

SI 

an 

Ain 

KTV 

CaV 

ScV I 

77 VII 

'D 2 -*S 0 

e 

1724-7 
26(2); 
4-1 (4) 

6152-9 

3-4(2); 

5-2(4) 

5191-4 

3*9 (2); 
6-2(4) 

4510-9 

4-5 (2); 
7-0(4) 

3996-3 

5-1 

3590-8 

5-6 

3263-1 

6-2 

3 Pr-'S o 

e 

4506-9 
0-011 <2 >; 
0-015 < 4 ’ 

35830 
0-028 <2) ; 
0 044 < 4 ) 

3005-1 

0 057 l2 >; 
0-090 < 4 > 

O il ( 2 ); 
0-17 < 4 > 




'Pi-'So 

m 

4589-0 

0-3340); 

0-34 

3675-0 

1-28 

1-3(4) 

3109-0 
3-84 G); 
3-2 < 4 > 

9-85 




3 Px- l D 2 

m 

10819-8 

0-0276 

8579-5 

0-106 

7135-8 

0-321 

6101-8 

0-835 

5309-2 

1*94 

4672-2 

4-25 

4144-8 

8-42 

3 Pi- 1 0 2 

m 

11305-8 

0 00806 

9125-8 

0-0294 

7751-0 

0-0838 

6794-8 

0-202 

6086-9 

0-432 

5539-6 

0-859 

5104-5 

1*52 


3 p 3 Configuration* 5 ’ 


Transition 

Type 

PI 

sn 

am 

,41V 

KV 

CaV 1 

2p m~ lD si 2 

m 

0-017 

0-057 

8481-6 

0-16 

7237-3 

0-42 

6316-6 

0*98 

5587-2 

2-1 


e 

0-30 

0-38 

0-48 

0-57 

0-67 

0-78 

2 Pm~ 2 P>m 

m 

0031 

0-10 

8433-7 

0-29 

7170-6 

0-76 

6223-4 

1-8 

5460-0 

3-9 


e 

0-13 

0-17 

0-21 

0-25 

0-29 

0-35 

2 P m - 2 D il2 

m 

0-019 

0-062 

8501-8 

0-18 

7262-8 

0-46 

6349-5 

M 

5631-0 

2-3 


e 

0-25 

0-33 

0-41 

0-48 

0-56 

0-64 

lp \ ir^Dsii 

€ 

0-17 

0-22 

8550-5 

0-27 

7332-0 

0-31 

6446-5 

0-35 

5766-4 

0-39 

2 ^ 5 / 2 “ 4 ^ 3/2 

m 

8787-6 

0-0561 

6716-4 O) 
0-0*28 

5517-7 

00313 

4711-3 

0-0 3 54 

4122-6 

0*0020 

0-0066 


e 

0-0 3 58 

0-0011 

0 0021 

0-0041 

0-0055 

0-013 

2P> 3!2~ 4S 3I2 

m 

8799-1 

0-0 3 28 

6730-8 O) 
00013 

5537-6 

0-0058 

4740-2 

0-024 

4163-3 

0-088 

0-28 


€ 

0 - 0*37 

0-0 3 67 

0-0014 

0-0026 

0-0046 

0-0081 

2p 3J2~ 4 ^3l2 

m 

5332-4 

0-099 

4068-6 

0-32 

3342-7 

0-90 

2-3 

5-4 

12 


e 

0-0 5 15 

0-0539 

0*0413 

0-0 4 39 

0-0311 

0-0 3 29 

2 P m -*S m 

m 

5339-7 

0040 

4076-4 

0-13 

3353-4 

0-37 

0*95 

2-2 

4-8 


€ 

O-O 4 !© 

0-0427 

0*0486 
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TABLE V : 2— REFERENCES 

(1) Garstang, R. H., M.N.R.A.S., 111, 115, 1951. 

(2) Naqvi, Ali M., Thesis , Harvard University (1951). 

(3) Garstang, R. H., Ap. 115, 506 (1952). Calculated ^-values (taking into account 
electron exchange) with the following results: 

jvi on sn 

A( 2 D 5 i2- 4 Ssi 2 ) 6*95x10-6 4*08x10-5 6*31x10-4 

A{ 2 D m - A S m ) 16*25xl0- 6 13*15x10-5 17-36X10' 4 

(4) Osterbrock, Donald, Ap. 114, 469 (1951). 

(5) Pasternack, S., Ap. 92, 149 (1940). 

The wavelengths of the forbidden lines are taken from Charlotte M. Sitterly’s revised 
multiplet table Princeton Observatory Contr., No. 20, 1945, and from I. S. Bowen, Ap. 121, 
306 (1955). 


Similarly the number of collisional de-excitations will be given by 

^=8-54x10- • ■ (57) 

Notice that whereas only electrons with velocities greater than v 0 are 
capable of exciting the level £, this same level may be de-excited by 
electrons with any velocity whatever. Hebb and Menzel (20) calculated the 
target area parameters for the collisional excitation of [0111], Their 
results, as well as those obtained subsequently by Yamanouchi, Amemiya, 
and Inui for 01, by M. L. White and the writer for ATI, and by the writer 
for 011 were systematically too large. 

The 0’s obey a conservation theorem due to Mott, Bohr, Peierls, and 
Placzek <31) which states that 


2 2 /,+i 5S(2/+1) ’ • • ■ (58) 

where the summation is carried out over all levels of the ground configura- 
tion. 2Ja I 1 is the statistical weight of the lower level from which colli- 
sional excitation takes place, and / is the azimuthal quantum number of 
the partial wave that contributes the largest share to the cross-section. 
This relation limits the “partial cross-sections”, i.e. the contribution to 
the target area due to incident electrons of a particular quantum number, /. 
Thus the theorem is useful only when electrons of a special l value provide 
the major contribution to the cross-section. In exchange transitions only, 
one partial cross-section is appreciable and the theorem may be usefully 
applied. This type of transition is important for the excitation of the 
nebular lines since we are primarily concerned with excitation from a 
ground 3 P or 4 S term to a 1 D or or a 2 D or 2 P term. 

More recently M. J. Seaton (32) has calculated target areas for the colli- 
sional excitation of the nebular lines by using explicitly anti-symmetric 
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wave functions of the Hartree-Fock type for continuous as well as for 
bound states. His target area parameters D(n, m) for various ions of 
astrophysical interest are given in Table Y : 3. The ground ( 4 5 r or 3 P) term 
is denoted by “1”, the middle metastable ( 2 D or l D) term by “2”, and the 
highest metastable ( 2 P or X S) term is indicated by “3”. Seaton estimates 
the absolute accuracy of the cross-sections to be of the order of ±40% 
for the entries for which detailed calculations were made. The relative 
accuracy of the cross-sections should be much better. The Q’s vary less 

Table V : 3 

Target Area Parameters for the Collisional Excitation 
of Forbidden Lines * 


Ip 1 Configuration 2 p 3 Configuration 


Ion 

Q (1, 2) 

13 (1, 3) 

13 (2, 3) 

Ion 

13 (1, 2) 

Q (1. 3) 

13 (2, 3) 

Nil 

2-39 

0*223 

0*46 

Oil 

1*44 

0*218 

1*92 

OIII 

1-73 

0*195 

0*61 

Fill 

1*00: 

0*221 : 

3*11 : 

FIV 

1-21: 

0*172: 

0*58: 

Ne IV 

0*68: 

0*234: 

3*51: 

NeW 

0*84: 

0*157: 

0*53 

NaV 

0*43 

0*255 : 

3*49: 



2/> 4 Configuration 



3 p 3 Configuration 


Ion 

a (i, 2> 

n (i. 3) 

<3 (2, 3) 

Ion 

a (1, 2) 

13 (1, 3) 

13 (2, 3) 

fii 

0*95: 

0*057: 

0*17 

Sll 

2*02 

0*383 

12*7 

Neill 

0*76 

0*077 

0*27 





NalW 

0*61: 

0 092: 

0*30: 




' 

MgV 

0*54 

0*112: 

* 0*30: 






* Seaton, M. J., Proc. Roy. Soc., 218, 400 (1953). The less accurate values are denoted by the 
colon (:). 

than about a per cent for the first few e.v.’s above the threshold. The 
12(2, 3)’s are not small compared with 0(1,2) or .0(1,3). The O’s marked 
(:) were obtained by interpolation and are less accurate. 

If the target areas are known, the relative intensities of the auroral and 
nebular transitions in ions like [OIII] or [MI] permit the estimations of 
electron temperatures. The rigorous formula for [OIII] was given by 
Menzel, Hebb, and the writer, 031 from a consideration of the statistical 
equilibrium of the X S and X D terms. 

The l D 2 level is populated by collisional excitations from the ground 3 P 
term and by collisional and radiative de-excitations of the X S term to the 
X D term. Atoms escape from this level by the spontaneous emission of 
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the 1 D- 3 P nebular transitions, by super-elastic collisions to the 3 P term 
and by inelastic collisions to the l S term. Thus, using the aforementioned 
notation of “1” for the 3 P term, “2” for the l D term, and “3” for the *S 
term, the equation of statistical equilibrium is 

NtC —e-*' lkT ‘+N 3 C— +N 3 A 23 

TT5\ TO 3 

=N 2 C — e -*" !kT * + N 2 C— +N 2 A 2l . (59) 

Similarly, the number of atoms entering the 3 S level by collisions must 
equal the number leaving by collisions and radiative transitions 


N X C— e~ x ' lkT( +N 2 C — e-*" lkT ‘ =N 3 C ° 2i+Qli +N 3 (A 32 +A 3l ), 

TO i TO 2 TO 3 

... (60) 

where jy 

C= 8-54 x 10-s —4, • • • (61) 

VT e 


and X 23 =(X 3 —X 2 ) is the difference in excitation potential between the 
second and third level. From equations (59) and (60) we may calculate 
the relative populations of the 'S' and l D levels, viz. 


f. , 0 m e~ x » lkTt A 2l m 2 

N 3 _^ 3 ~ Xl jkT f 1 ^12(1+^23/^13) Ci 2 12 (l +^23/^13) - 

N 2 m 2 e J (A 32 +A 31 )m 3 T A 32 vj 3 ~] e ~ x "' kTe 

1 + Q n c(i+Q 23 iQ 13 yl 32+ C \Q 12 {\+Q 23 IQ u )\ 

- 3 ), (62) 

W2 \&2' 


where ( b 3 jb 2 ) measures the deviation from thermodynamic equilibrium at 
temperature T e . As N e increases, C increases and b 3 jb 2 -^-\. Similarly we 
can write 


^ 2 _ ^2 e -X,/lcT f 
Ni T0 1 


{Q l2 +£3 l yde- x » ,kTt Y 


^2 e -X,/kT €i 
Wl 


^i2+^2i"^^+^23(l —d)e *“ //cr€ j 

ft) 


(63) 


where 


n 1 ^ 3 2 
W 32T ®3 


A3 + ^23 + (^32+-^3l) 


( 64 ) 
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Finally, 


where 


h 

by 


Q 


Q 


12 


13" 


p-te 




(^23+^13)+ 


(•^32+^3l) CI 3 


■^23+^32®3/^'\ 

1 +pe x » lkT ‘ J 


_ ^12 . A 21^2 

P @23 CD 23 


(65) 


( 66 ) 


The equations (62)-(66) likewise hold for the p 3 configuration if “2” now 
refers to the 4 S term, “2” to the 2 D term, and “3” to the 2 P term. 

Let us consider first the ratio of the auroral and nebular line inten- 
sities. 


la __ ^3^3,2 y 3,2 ro 3^3^3.2 v 3,2 e ~X„lkT t 

In N 2A 2,1 J'2,1 ro 2^2-^2,l ,, 2.1 


(67) 


Putting in the numerical data from Tables 2 and 3, and assuming T, to 
lie in the neighbourhood of 10,000°-20,000°K., we find the following 
approximate formula for [OIII] and [MI], viz. 


[OIII]: 


-*4363 

7 «i+W. 


= 13 -lxlO- 14 ’ 300/r ‘ 


1-012+2300 VT,tN, 
1-01 +2-70 x 10 5 V7^/iV t 


( 68 ) 


~0-113 x io~ 14 > 30 °/ r « for low densities. 


[MI]: =61-5 x 10- 10 ’ 820/r ‘ j 1 ~°1 + 32Q VTAN^ 1 (69) 

7 «560 [l + 1-94 X 105 VT.IN'1 

The simultaneous solution of equations (68) and (69) permit a determina- 
tion of Tt and N € , provided the [MI] and [OIII] radiations both originate 
in the same parts of the nebula. 

Some years ago M. L. White and the writer used this method to estimate 
N, and T e in typical planetaries. (34) The inaccuracies of the then available 
cross-sections did not permit accurate densities to be derived, although 
there was some suggestion of filamentary structure. More recently, 
Seaton (35) has employed similar considerations with his improved cross- 
sections, but conclusions concerning condensations drawn from forbidden 
line data must be regarded with caution until checked by independent 
evidence. Formulae similar to equations (68) and (69) may be derived for 
the [Oil] and [SII] lines. 

As an example, let us apply equations (68) and (69) to NGC 7027. We 
use intensity ratios adopted from the spectrophotometric studies of 
Minkowski and the writer, supplemented by the photo-electric measures. 


194 GASEOUS NEBULAE 

The intensity ratios, corrected for the effects of space absorption as 
described in Section 7 are 


h 36 3 

IM+Nt)" 


0-0155 and 


The simultaneous solution of these equations gives r,~14,500°K. and 
x 10 4 electrons/cm. 3 . On the other hand, if we employ only the 
[0III] line data together with the surface brightness measured in Hp and 
corrected for the effect of space absorption and the assumed value of the 
parallax, N c will be about 1-7 x 10 4 electrons/cm. 3 . A literal interpretation 
of this result would imply a considerable concentration of the material into 
filaments, a situation which is indeed possible in an object like NGC 7027. 

The electron temperatures are usually derived from the ratio 7(4363) 
II{Ni+N 2 ) which has been observed in many planetaries. The results for 
a number of typical bright planetaries have been given in column 8 of 
Table 7 of Chapter IV. Determinations of the electron temperature by 
independent methods is much to be desired. 


7. The Determination of Ionic Concentrations from Line Intensities; 

Application to NGC 7027 

If the relative emissions per unit volume are known for each of the 
observed nebular radiations, we may employ the considerations of this and 
the preceding chapter to determine the relative concentrations of the 
various ions. In most nebulae it is necessary to take into account the 
stratification. In NGC 7027 there appears to be no bona fide stratification, 
although the material may be concentrated in filaments. In a first approxi- 
mation at least, we may set the relative emission per unit volume 
proportional to the tabulated intensity. We write 

Ejj' =NjAjj'hvjj' =Ijj'Eq, . . (70) 


where the upper and lower levels of the forbidden transition are denoted 
respectively as J and J. Here Eq is the constant of proportionality. Its 
numerical value will depend on the assumed parallax of the nebula, its 
surface brightness, and the extent to which the material is concentrated 
in individual filaments. 

The number of ions N x in the ground term of any configuration that 
gives a forbidden line A may be expressed as 

H = T l( J— 112- dA io<*<-*»>0 , . (71) 

No 7 0 \5000 Av n 

where N 0 is the number of [Dili] atoms in the } P term, 0=5O4O/7’ e , /<> is 
the intensity of the green nebular lines (mean wavelength ~5000 A.), 
/t 0 =0-028 is the Einstein A coefficient for the green nebular lines, X 0 
=2-48 e.v. is the excitation potential of the l D 2 level, and 7] 0 —b( 1 D 2 )lb( 3 P) 
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for [Dili]. Similarly, h is the intensity of the forbidden line of transition 
probability Ax which arises from the level i, of statistical weight cr,-, for 
which r\=bi\b x . The rf s are calculated from the data of Tables V : 2 and 3 
with the aid of equations (63) and (65) once T ( and N. are given. 

We must now consider the recombination lines. Using equation (20), 
Chapter IV, with n— 4, «'= 2, and g =0-822, the emission in ergs/cm. 3 /sec. 
in H/3 is 


E m = 2-28 x 10~ 19 


N(H+)N e 

7:3/2 


b 4 (T e )e\ 


(72) 


Similarly, the emission in A4686 of He II is given by setting Z= 2, n= 4, 
and n'= 3. Thus with g=0-768, 

^686=4-13 X 10-18 N(H ^2 Nc b * (j ) A • (73) 

since the solution for the b„’s for hydrogen at a temperature T t is the 
solution for He II for the same value of 


X n = 


hRZ 2 


hR 


n 2 kT e n 2 k(T e /Z 2 ) ' ' ^ 

In other words, the solution for He II at 20,000° K. is equivalent to that 
for hydrogen at 5000° K. 

The lines of the Pickering series may also be used by setting n' = 4. 

Let us now consider the lines of neutral helium. If we apply the com- 
bined Boltzmann and Saha equations, we find that the number of helium 
atoms in level j will be 

We+yN. K> (?5) 


Nj=bj 


Tc m 


Mo-X))lkT e 

( Inmk ) 3/2 4 ’ 


e (IjlkT t -X n ) 


(76) 


where Wj and 2 are the statistical weight of the level j and of the He + ion, 
respectively, 7 0 is the ionization potential of the helium atom, and Xj is the 
excitation potential of level j. Using equation (1 1), Chapter IV, for the 
population of the wth level in hydrogen, we find the ratio of the numbers 
of atoms in the upper levels j and n in helium and hydrogen, respectively, 

to be Nj bj vjj N(He+) 

N„~b„4n 2 N(H+) 
where Ij=I 0 —Xj. Let us suppose that we can compare the emission per 
unit volume Ejj in the helium transition (J-f) with the emission per unit 
volume in HP, i.e. E m - Then 

Nj _ E(jj’) A{Hp) X(jj') 

N 4 E(Hp) A(jj') X{Hp)' 

whence the ratio of singly ionized helium to ionized hydrogen is 
N(He+) = b A 4xl6£’Q7M(^)2Q7) 

N(H+) bj mjE{HfS)A{jj')KW) 


exp 


[-a 


(77) 


(78) 
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Goldberg has not only computed the A values for the principal lines of 
helium/ 3 6) but has also investigated the bj factors for helium atoms exposed 
to highly dilute temperature radiation. (37) He treated a somewhat simpli- 
fied atom with the result that a single value of bj is assigned to all the high 
triplet levels. Actually bj~> 1 as /-► go . 

For illustrative purposes let us apply these formulae to NGC 7027. (38) 
This object probably exhibits more lines than any other planetary nebula; 
on the other hand, it seems to be a somewhat atypical nebula. We shall 
base our discussion on line intensities measured photographically by 
Bowen, Minkowski, and the writer, supplemented by photo-electric 
measures of some of the brightest lines. 

An examination of the hydrogen line intensities shows a very steep 
Balmer decrement suggestive of strong space absorption. On the assump- 
tion that the true Balmer decrement is given by Menzel and Baker’s model 
B , and that the wavelength dependence of the absorption may be taken 
from the work of Whitford, <39) we can correct the measured line intensities 
for the interstellar extinction. It is found that the surface brightness in Hfi 
(of Chapter IV) should be increased elevenfold so that with Berman’s 
value of the parallax (40) N € will be about 17,000 electrons/cm. 3 if the 
nebula has an approximately constant density. From the relative inten- 
sities of the A4363 and N x +N 2 lines, we find T e to be about 1 5,600° K. 

If we assumed that the [Nil] and [OIII] lines are formed in exactly the 
same strata, we saw that N € would be about 7*7 X 10 4 and T € would be 
depressed to about 14,500° K. A comparison of the intensities of the green 
nebular lines and H$ with the aid of equation (72) and the corresponding 
expression for E(N X +N 2 ) then gives V(0III) = 14-3. A comparison of the 
auroral (A~7319 A.) and nebular transition (A3727) of [Oil] suggests a 
somewhat lower density, whereas the [511] transauroral and nebular fine 
data indicates a much higher density. The conclusion to be drawn from 
these results is that either there is a pronounced concentration of the 
nebular material in individual knots or filaments with a low mean density 
in between, that the different ions are concentrated in different filaments, 
or that the target areas are subject to systematic errors. An overcorrec- 
tion for space absorption would further complicate matters (p. 200). 
Most likely, NGC 7027 has a filamentary structure with possible differences 
in the proportions of the various ions. In other nebulae (cf. Chapters III 
and VII) different ions show very different concentrations. In IC 418, 
for example, the [Nil] radiation occurs in an outer shell, whereas the 
[OIII] radiation tends to be concentrated closer to the nucleus — at 
least along the major axis. Estimates of the electron density may also 
be obtained from the doublet ratios of [Oil] and [511]. Some years 
ago Ufford, Van Vleck, and the writer noticed that the intensity ratio 
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7(A3729)//(3726) corresponding to I( 2 D si2 - 4 S)II( 2 D 3i2 - 4 S) in [Oil] 
varied from one object to another in such a way as to suggest that the 
relative population of the 2 D 5t2 and 2 D 3/2 levels depended on the density. 
If the density is high, the populations must be in the ratio of the statistical 
weights, i.e. 6/4, but if it is low, radiative de-excitations are more important 
than collisional de-excitations so the ratio changes. Seaton has calculated 
the target area parameters for Q( 2 D 5l2 - 2 D 3 , 2 ) in 0 + and S + and has 
derived formulae for estimating N from these forbidden line ratios.* 41 * 

Table V : 4 

Abundances of Ions in NGC 7027 


Ion 

Trans 

X 

An 

X 

bilb i 

h 

Ni 

Nil 

N 

6565 

00040 

1*88 

0*40 

124 

0*900 


A 

5755 

108 

4*03 

0 0020 

7*1 

0*935 

on 

N 

3727 

00*11 

3*31 

0*87 

29 

2'12 


A 

7325 

0*200 

5 00 

0 0065 

22 

0*97 

om 

N 

5000 

0*028 

2*48 

0*064 

1850 

14*3 

FTV 

N 

4036 

0*133 

3*07 

0*010 

0*9 

0*010 

Nelli 

N 

3895 

0*26 

3*19 

00032 

124 

6*7 

NelN 

A 

4724 

0*534 

7*38 

0 00165 

9*7 

6*3 

NeN 

N 

3400 

0*52 

3*70 

0*00176 

236 

7*3 

sn 

N 

6722 

0 00107 

1*84 

0*400 

4*7 

0*063 

sn 

TA 

4072 

0*257 

3*03 

0*00132 

12*0 

0*53 

sin 

A 

6311 

3*6 

3*30 

0*00056 

6*8 

0*58 

c/m 

N 

5520 

0 0042 

3*69 

0*1265 

2*5 

0*100 

C/IV 

N 

7840 

0*277 

1*60 

0*0066 

1*26 

0*017 

CON 

A 

5322 

4*2 

3*92 

0 00026 

0*73 

0*36 

Ain 

N 

7360 

0*404 

1*68 

0*00032 

22 

0*043 

ATV 

N 

4720 

0*0135 

2*61 

0*035 

17 

0*27 

AIN 

A 

7250 

1*75 

4*31 

000032 

2*8 

0*38 

AN 

N 

6800 

0*743 

1*85 

0*0017 

6*5 

0*134 

KIN 

N 

6101 

1*037 

1*95 

0*00090 

1*2 

0 007 

KNl 

N 

6034 

1*75 

2*044 

000048 

<0*2 

0 001 

CaN 

N 

5000 

2*37 

2*22 

000035 

1*6 

0*011 


Since the electron density is found from the lines of a single ion, it will 
refer to the density in the filament or part of the nebula where the radiations 
of this particular ion predominate. From measures of the 3726/3729 [Oil] 
ratio Osterbrock found TV to vary from about 30,000 electrons/cm. 3 in 
the brightest part of the Orion nebula to about 200 electrons/cm. 3 in the 
fainter outer portions. The [511] fines are useful at yet higher densities. 

For the present let us estimate the ionic abundances assuming our space 
absorption correction is valid. Table V : 4 gives the essential data. 
Successive columns give for each ion the character of the transition 
employed, nebular (TV), auroral (A), or transauroral (TA), the mean wave- 
length of the forbidden line multiplet, the Einstein A coefficient, the 
excitation potential of the upper term of the multiplet, the factor ( bi/bi ), 
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the intensity of the whole forbidden multiplet (corrected for space absorp- 
tion), and finally the relative number of ions, expressed approximately as 
numbers of ions/cm. 3 . 

For the ions of chlorine, argon, potassium, and calcium it is necessary 
to estimate the cross-sections since no calculated values are available. 
Hence the concentrations estimated for these ions are to be regarded as 
rough estimates only. No emphasis can be placed on the discrepancies 
between the auroral and nebular line results for these ions. The discor- 
dances for [Oil] and [SII] are probably to be attributed to differences in 
the densities of the filaments, and to the fact that different ions do not 
occur in different filaments in the same proportions. 

The concentration of helium may be found by comparing the lines of 
He I and He II with Hft. With the aid of equations (72) and (73) with h 4 
= 0-016 for Hell at T e =14,500 together with the observed /(4686)//(#iS) 
ratio, we find H(He++)IN(H + )= 0-066. Similarly, if we apply equation (78) 
to the 25876, 24471, and 24026 He I lines, and interpolate bj[He I)=0-50 
for all the high triplet levels, we find 0-029, 0-035, and 0-056 for the 
N(He + )IN(H + ) ratio. If a weighted mean value of 0-035 be adopted, the 
ratio of He/H by numbers of atoms is found to be 0-10, which is in good 
agreement with the value found some years ago by Menzel and the writer. 

The determination of the actual abundances of the other elements whose 
ions are observed is a much more formidable task as allowance must be 
made for the distribution of ions among the various stages of ionization. 
The simplified ionization formula of Chapter IV cannot represent the 
observed distribution of the ions; hence, an empirical approach must be 
used. (42) One can compare the relative numbers of ions Ni/Ni+i as a 
function of ionization potential and draw a smooth empirical ionization 
curve. Such a curve is uncertain for two reasons. The ionic abundances 
themselves may be in error because of the limited accuracy of the observa- 
tions and of the target areas. Furthermore, different ions may be concen- 
trated in different proportions in different filaments or portions of the 
nebula. Finally, the assumption that the degree of ionization depends only 
on the ionization potential ignores the influence of strong bright lines in 
the far ultra-violet nebular spectrum. Thus the relative proportions of 
successive ions of a given element actually may be very different from what 
would be deduced from a smooth graph. 

This step introduces greater uncertainties in the final result than does 
any other item! For some elements such as potassium and calcium the 
corrections for incompleteness in the observation of different stages of 
ionization are large; for others such as neon the corrections seem to be 
relatively small. The ratio of helium to hydrogen is extremely sensitive to 
the b factors and therefore to the electron temperature. 
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Table V : 5 compares the composition (numbers of atoms) of NGC 7027 
with that of an average star. The stellar data are taken from the writer’s 
recent compilation, <43) except that the helium abundance has been revised 
downward. The agreement for H, He, N, and O is good. Fluorine is 
uncertain in both the stars and nebulae. Neon comes out relatively less 
abundant, and sulphur more abundant than in the stars. Possibly differen- 
tial concentrations in filaments may affect these elements, the target areas 


Table V : 5 

The composition of NGC 7027 compared with that of a normal star 

Logarithm of Relative Numbers of Atoms 


Element 

NGC 7027 

Star 

H 

1304 

13*27 

He 

12-0 

12*0 

N 

9*56 

9*49 

O 

1000 

10*00 

F 

6-6: 

7*7: 

Ne 

9*48 

10*04 

S 

9-21 

8*52 

Cl 

8*39 

8*3 

A 

8*22 

9*0: 

K 

6*2: 

6*39 

Ca 

6*6: 

7*72 


may be in error, or most likely the distribution among various ionization 
stages may be very different from what has been assumed. The stellar 
values for chlorine and argon are uncertain. The nebular data for potas- 
sium and calcium are insecure; the abundance of calcium appears to have 
been under-estimated. One statement seems unassailable: composition 
differences between stars and nebulae will be difficult to establish. 

Because of its great range in ionization and a possible extreme filamen- 
tary structure, perhaps NGC 7027 is not the best object for a detailed 
composition study. Other and probably more suitable objects include 
NGC 7662, NGC 6572, and NGC 1535. A realistic analysis of such 
nebulae requires that detailed attention be paid to their structural features. 
In Chapter VII we shall devote considerable attention to the structural 
features of the planetary nebulae. 
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Note added in proof {Oct. 28, 1955). 

The Paschen line intensities and the energy distribution in the continuum of NGC 7027 
cannot be reconciled with the adopted space absorption. The true space absorption must be 
much less. The true Balmer decrement is therefore considerably steeper than Menzel and 
Baker’s “case B”. Collisional excitation must play an important role in the production of the 
hydrogen-line spectrum in the dense filaments of this object. (See R. Minkowski and L. H. 
Aller, Ap. J., in press). 



CHAPTER VI 


The Stars that Illuminate the Gaseous 

Nebulae 


I. Introduction 

In preceding chapters we have seen that the nebulae derive all their 
energy from stars placed near or within them. In the diffuse reflection 
nebulae some of the light is simply scattered by small particles. The 
bright-line spectra, however, are produced by photo-ionization followed 
by recapture of electrons and by the dissipation of the energy of free 
electrons in the excitation of metastable levels. The ultimate controlling 
factor is the quantity and quality of the radiation emitted by the illuminat- 
ing star. Many years ago Hubble noticed that diffuse nebulae illuminated 
by stars earlier in spectral class than about B2 showed spectra with emission 
lines, whereas nebulae illuminated by stars later than spectral class B2 
yielded spectra that were simply reflections of the spectrum of the illu- 
minating star. 1 11 At spectral class B2 the nebulae showed both emission 
and reflection types of spectra. 

More recent work has demonstrated that this distinction is not entirely 
clear-cut. In Chapter III we mentioned the bright-line nebulosity sur- 
rounding the G dwarf star, T Tauri. The nebular variables provide a 
number of other exceptions. 

The extended regions of low surface brightness and ionic density 
are presumably excited by the O stars in our galaxy, and fluorescence 
occurs whenever the necessary ultra-violet radiation can reach the 
atoms. 

The outstanding difference between the O and B stars that excite the 
diffuse galactic nebulae and the central stars of the planetaries is primarily 
one of luminosity. The former have absolute visual magnitudes between 
—3 and —7, whereas the absolute visual magnitudes of the planetary 
nuclei must be closer to 0 or —1. The reason for the difference lies in the 
population types with which each is associated. 

The Type I population which is characterized by the presence of dust 
and gas contains bright blue stars that fall in the upper left-hand corner 
of the Russell diagram. The main sequence extends from O and B through 
A down to the faint K and M dwarfs, and the upper part of the diagram 
contains a sprinkling of supergiants of all spectral classes. The Russell 
diagram for the Type II population is illustrated by the colour-magnitude 

201 
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arrays for several globular clusters. The distribution of the stars is very 
different from that which obtains for the Type I population. * 2 ' 

The brightest stars in the globular cluster are red giants of absolute 
photo-visual magnitude about —3. They form the upper end of a branch 
running to fainter, hotter stars as far as a colour index of 0-7. Then the 
branch runs vertically on the colour-magnitude array to M v =- t-3, turns 
again to higher surface temperatures and finally joins the main sequence. 
There is also a branch which separates from this main branch near 
M v =— 1 or 0, and runs horizontally in the direction of higher surface 
temperatures. This branch is much more sparsely populated than the 
other, but it includes the cluster-type variables, better known as the RR 
Lyrae stars. Munch finds that the bluest stars of this branch often show 
peculiar spectral characteristics which differentiate them from Type I stars 
of the same colour or hydrogen fine intensity. 

Occasionally as in Messier-2, blue stars lie 1 £— 2 magnitudes above the 
horizontal branch. In Ml 5 a bona-fide planetary nebula appears. This 
object, in which the star appears to be brighter than the surrounding 
nebulosity, has been measured photo-electrically by Liller and the writer. 
Because of the crowding of the star field it will be necessary to combine 
these measures with photographic data to eliminate the effect of neigh- 
bouring stars. The upper limit to the brightness of the nebula is about 
M v =- 2T. 


2. The Magnitudes and Luminosities of the Central Stars of the Planetaries 

Estimates of the absolute magnitudes of the planetary nuclei also can be 

made from their apparent magnitudes and distances as given, for example, 

by Berman.* 3 ' There are two difficulties— first in the measurement of the 

magnitudes of the central stars and second in the determination of the 
distances of the planetary. 

The early estimates of the central star magnitudes by H. D. Curtis* 4 * ' 
were not only affected by large accidental errors but gave the brighter 
stars as systematically too bright. Hubble, <5> on the basis of pole-region 
comparisons of a number of planetary nuclei, reduced Curtis’s measures 
to the usual magnitude scale. He found a systematic correction to be added 
to Curtis’s apparent magnitude, m, viz. A = — 0T73m+3-37. In his work 
on the planetaries A. van Maanen* 6 ' used the average relation between 
star count and magnitude for the galactic longitude and latitude of the 
field to estimate the magnitudes of the central stars. In fields where 
the number of stars is small, this method is likely to yield very misleading 
results, particularly for the brighter stars. Claude Anderson* 7 ' estimated 
the magnitudes of the nuclei of thirty-three planetaries by comparing the 
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images of the stars on his plates with a scale plate and finally reducing 
them to a standard exposure of Selected Area 61 for which the magnitudes 
were known. His magnitudes are only approximate, but may be good to 
the nearest half-magnitude except in instances where the nucleus is directly 
involved in the nebulosity. Berman 0 ’ has published a compilation of 
magnitudes of the planetary nuclei; some of the magnitudes are estimated 



Fig. VI : 1. Colour Magnitude Diagram for the Globular Cluster 

Messier 15. 

Apparent photo-visual magnitude is plotted against colour index. 
The bars at m pv — 15*8, colour index =0 and +0*2 denote the limits 
of the region occupied by the RR Lyrae stars. The planetary nucleus 
falls at w Pv =14*9 and colour index =+0-1. Notice the strong 
clustering of blue stars at m pv = 16 and the number of fainter blue 
stars with colour indices between 0 and —0*4. The branch of giant 
stars running from m pv = 13 and CI= 1-2 to 16 and 0=0-6 is 
characteristic of the Type II population. 

(Courtesy of H, C. Arp, Mt. Wilson and Palomar Observatories.) 


by theoretical considerations. More recent work has shown that Berman’s 
magnitude estimates are better than might have been expected. William 
Liller finds the differences shown in Table VI : 1 between magnitudes 
measured photo-electrically (cf. Chapter II) and those determined by 
photographic and other techniques. (8) These stars are rather blue intrinsic- 
ally, and should be slightly brighter photographically than visually, perhaps 
by two- or three-tenths of a magnitude, except in so far as they are affected 
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by space absorption. Liller measured the brightness of the star plus nebular 
continuum at two points, one in the visual and the other in the photo- 
graphic region. He then reduced the measured photo-electric magnitudes 
and colours to the photo-visual system. Thus there remains some uncer- 
tainty due to the nebular continuum. In fact, for several stars he finds 
that the published values of the intensity of the nebular continuum exceeds 
his measured intensity of star plus continuum ! The difficulty with the 
nebular continuum can be overcome partly by going to larger telescopes 


Table VI :1 

Magnitudes of Planetary Nuclei 


Nebula 

Photovisual 

Magnitude 

Liller 

Photographic 

Magnitude 

Berman 

NGC 40 

11*2 

11*3 

NGC 2392 

10-6 

10*5 

NGC 3242 

120 

11*9 

IC 4593 

11*2 

10*2 

NGC 6210 

120 

11*7 

NGC 6543 

— 

11*2 

NGC 6572 

— 

12*0 

NGC 6720 

14*2 

14*4 

BD + 30°3639 

10*1 

10*3 

NGC 6818 

— 

15*0 

NGC 6826 

10*6 

10*7 

NGC 7009 

11*0 

11*9 


with the aid of which the contributions to the continuum by the nebula 
and by the star can be measured separately. 

The measured magnitudes of many planetary nuclei are strongly affected 
by space absorption. The intrinsic colours of the planetary nuclei may be 
obtained from measures of objects in high galactic latitudes and in other 
regions known to be unaffected by obscuring particles. Such a study has 
been carried out at the Hamburg Observatory. (9) Corrections for space 
absorption may also be made by comparing for any nebula the obscured 
Balmer decrement with the “standard” Balmer decrement exhibited by a 
number of planetaries which appear to be little affected by space absorp- 
tion (see Chapter IV). Attempts have been made to correct for space 
absorption with the aid of the colour excesses of nearby B stars as measured 
by Stebbins and Huffer, (10) but this procedure is poor because of the 
extremely spotty distribution of the interstellar material. 

At the Mt. Wilson Observatory in 1954 Liller and the writer, using the 
photo-electric technique developed by the former, have measured the 
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brightnesses of a large number of planetary nebulae, and their central 
stars. These data when combined with now available spectrophotometric 
material on the nebular continuum and Balmer decrement should permit 
the determination of the apparent magnitudes and space absorption or 
colour excesses of a number of the central stars. Unfortunately, as we 
have seen, the distances of the planetaries are poorly known. Berman’s 
determinations are probably statistically of the right order of magnitude, 
but the value for any individual parallax may be considerably in error. 
Perhaps our best information on the absolute magnitudes of the planetary 
nuclei will come from an analysis of those objects associated with the 
central bulge of the galaxy. Besides the planetary nucleus in Ml 5 the only 
direct absolute magnitude determination is for the nucleus of NGC 246. 
This star is a double, whose companion is a dwarf late F star. Liller and 
the writer have measured the magnitude of this star and its companion, but 
an absolute magnitude is not yet available for the fainter component. 

Since the planetary nuclei have a huge range in surface temperature 
(Section 6), their magnitudes alone do not tell too much of their true 
luminosities. 

3. The Spectra of the Central Stars of the Planetary Nebulae 

The nuclei of the planetary nebulae are all hot stars with temperatures 
ranging from 25,000° K. upwards.* in Their spectra mimic those of certain 
stars of the Type I population, although their intrinsic luminosities are 
much lower. 

The spectra may be described conveniently in four categories: 

(1) Wolf-Rayet type, e.g. the nuclei of NGC 40, NGC 6751, and 
HD 167362. 

(2) Combined emission and absorption features often of the Of type, 
e.g. the nuclei of NGC 6543 and IC 418. 

(3) O stars with absorption lines but no emission lines, e.g. the nucleus 
of IC 2149. 

(4) Continuous spectra with no trace of absorption or emission lines 
with the available dispersions, e.g. NGC 4361 and NGC 6720. 

Before discussing these different kinds of objects in detail, a few remarks 
concerning the “classical” Wolf-Rayet stars of population Type I will be 
in order. These rare objects possess perhaps the most spectacular and least 
understood of stellar spectra. Upon a strong, high-temperature continuum 
are superposed broad, high-excitation, emission lines of the ions of light 
elements, particularly helium, carbon, nitrogen and oxygen. Often there 
are absorption lines associated with some of these strong emissions, but 
not all Wolf-Rayet stars show emission lines with absorption components. 
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Ecllen* 12 * identified the emission lines on the basis of his term analyses of 
the spectra of light atoms. The interpretation of the spectra have been 
discussed by Beals, <13) Menzel,* 14 * Cecilia Payne-Gaposchki n, ( 1 5 1 Swings,* 16 * 
and others. Considerable attention has been paid to the eclipsing binary 
V 444 Cygni, “BD+38 0 4010”, which consists of a Wolf-Rayet component 
and an O star.* 17 * The complexity of this system well illustrates the difficul- 
ties attending any attempt to explain the structures of the atmospheres of 
Wolf-Rayet stars. CQ Cephei, studied by Bappu, is another example. 

There is a rich aggregate of early-type objects in Cygnus which includes 
a group of nine Wolf-Rayet stars. From the known absolute magnitudes 
of the B stars in the group plus measures of the magnitudes and colours 
of the others, Miss Roman finds these O, B, Wolf-Rayet, and P Cygni 
stars to be concentrated at a distance of 1600 parsecs.* 18 * She finds 
the mean absolute magnitudes of the classical Wolf-Rayet stars to be 
-4-9. 

Some Wolf-Rayet stars appear to be much brighter than this. Thus, 
Henry J. Smith finds the following absolute magnitudes for the brighter 
stars observed in the southern hemisphere: 


Star 

Spec. 

M 

Notes 

Star 

Spec. 

M 

Notes 

HD 33133 

WN8 

| -80 

a) 

HD 151932 

WN7 

-6*0 

(3) 

HD 38282 

WN7 

-8*9 

to 

HD 151804 

08f 

-7*0 

(3) 

HD 32228 

WC6pec. 

-9*4 

(1,2) 

HD 152408 

08f 

-6*6 

(3) 


(1) In the large Magellanic Cloud for which m—M \s taken as 19*3. Several WC6 stars of 
M=—6 2 to —7*5 are also found there. 

(2) Spectroscopically identical with 0 Muscae. 

(3) In NGC 6231. 

The star, 0 Muscae, which has a common proper motion companion of 
spectral class B8I on the Morgan-Keenan system has an absolute magnitude 
of -9-4! 

Wolf-Rayet stars are often components of binaries and the high 
luminosities found for some of these objects may simply represent the 
luminosity of the brighter O-type component. The Wolf-Rayet member 
of a system with a strong continuous spectrum may easily be two or three 
magnitudes fainter than its companion. 

The classical Wolf-Rayet stars fall into two groups — a “carbon se- 
quence” consisting of stars whose spectra show lines of helium, carbon, 
and oxygen in various stages of ionization, and a “nitrogen sequence” 
characterized by strong emission spectra of helium and nitrogen. Beals* 19 * 
suggested the designations WC5, 6, 7, 8, 9 for the carbon stars and 
WN5, 6, 7, 8, 9 for the nitrogen stars. P. Swings* 16 * and the writer* 20 * 
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found independently that although the nitrogen stars contained a small 
trace of carbon, there was no evidence of any nitrogen in the stars of the 
carbon-oxygen sequence. 

One star of intermediate type must be noted among the classical Wolf- 
Rayet stars. This object is HD 45166, spectral class W7n, which shows 
narrow emission lines of hydrogen, helium, carbon, nitrogen, oxygen, and 
silicon superposed on a continuum characterized by strong Balmer lines.* 21 ’ 
In some respects this star resembles the Of stars almost as closely as it does 
the conventional Wolf-Rayet stars. 

Henry Smith points out that HD 62910, a typical WN6 star also has 
strong lines of CHI, CIV, and ON, while the WN(4) star, HD 104994, has 
strong lines of OVI (A3811, A3834). HD 90657 W(N, C)(5) has A4603-19 
NN and A4650 CIII with about equal intensity. 

The great breadth of the lines in the Wolf-Rayet stars has been attributed 
to expanding shells,* 13, 14) to the scattering by electrons of monochromatic 
radiations in a high-temperature atmosphere, and less plausibly to other 
causes. The high excitation character of the spectra of many of the stars 
shows that the temperatures of such objects must be high. Various 
authors,* 221 including the present writer, have suggested that these radia- 
tions originate in a stratified atmosphere, whereas J. Weenan has tried to 
interpret the spectrum as coming from a source at a single temperature.* 231 
Photometric measures demonstrate that the stronger lines, such as A4686 
of He II, are affected by self-reversal. 

No satisfactory atmospheric model for stars of the Wolf-Rayet type has 
been developed. The complexities exhibited by the Wolf-Rayet component 
of the binary V 444 Cygni have not been fully accounted for. 

The planetary nuclei with spectra of the Wolf-Rayet type include the 
central stars of NGC 40, 6751, 6905, 7026, BD+30° 3639 and HD 167362. 
Perhaps the best known of these objects is BD+30° 3639, the interesting 
character of whose spectrum was first described by Mrs. Fleming.* 24 ' 
Later, Campbell* 25 ' found the star to be surrounded by a small nebula or 
envelope of hydrogen. Hence the object is often called “Campbell’s 
hydrogen-envelope star”, although the envelope is really a small planetary 
nebula. Swings and Struve found HD 167362 to be a very similar object 
and have published wavelengths and identifications for the lines in the 
spectra of this star and Campbell’s object.* 26 ' 

Photometric measures of the line intensities in BD+30 0 3639 and the 
nucleus of NGC 40 have been published by the writer.* 20 ' Campbell’s 
star is remarkable in that although there are no nitrogen lines in its 
spectrum, the [VII] lines are very strong in the spectrum of the surround- 
ing nebula. Helium, carbon, and oxygen in various stages of ionization 
contribute nearly all of the stellar lines. The relatively narrow emissions 




Fig. VI : 2. Tracing of the Spectrum of Campbell's Hydrogen Envelope Star BD + 30° 3639. 
The scale on the side gives relative log I. The wavelengths and ^identifications are taken 
mainly from Struve and Swings (Proc. Nat. Acad. Sci ., 26, 548 (1940).) The plate from which 
the tracing was made was obtained at the McDonald Observatory, September 1945. The 
lines of nebular origin are marked by N. Notice the numerous lines of carbon and oxygen 
and the difficulty of locating the continuum in this planetary nucleus of the Wolf-Rayet type. 
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of CII and CIII are particularly strong, the spectral class of the star is 
WC 8 (see Fig. 2). 

The nucleus of NGC 40 displays a very similar WC 8 spectrum with a 
very strong CIII 24650 emission and bright lines that are somewhat 
broader than in BD+30° 3639. The surrounding nebula has a very low 
excitation with strong 23727 and weak Ni+N 2 . 

Minkowski* 27) has pointed out that the nuclei of several planetary 
nebulae, e.g. those of NGC 6751, NGC 6905, and IC 351, have line widths 
comparable with those found in the classical Wolf-Rayet stars, yet the 
nebular lines are as narrow as in planetaries whose nuclei have sharp 
emission lines. Thus if the ejection hypothesis for Wolf-Rayet atmo- 
spheres is invoked to explain the breadths of the stellar lines, the 
small velocity range of the gases in the surrounding nebula is difficult 
to comprehend. 

The nucleus of NGC 7026 likewise shows broad emission fines near 
23800 and 24650 with some suggestion of weaker diffuse lines in the ultra- 
violet. According to Swings and Swensson <28) the spectrum contains not 
only the fines of oxygen and carbon but also the 4641 Mil group. Photo- 
metric measures show that the 23811-3834 blend of OVI and the 4650, 
4686, He II, CIII, CIV blend contribute most of the fight of the spectrum. (29) 
In this star the oxygen lines tend to be stronger than the carbon lines. On 
the other hand, in the nucleus of NGC 6751 most of the lines are weak 
compared with the 24616-4714 blend of carbon and ionized helium 
features. There is some possibility that this star may also contain nitrogen, 
which would place it in the Wolf-Rayet group of intermediate composition 
(see Fig. 3). 

Turning to the Of stars which show strong continua, narrow emissions, 
and usually prominent absorption fines, let us first discuss the population 
Type I representatives and then the planetary nuclei. 

The classical Of stars are very luminous objects. For the Of component 
of the binary 29 Canis Majoris, Kuiper finds a mass of forty-four suns and 
a bolometric magnitude of about — 10.‘ 3 <” Miss Roman concludes that 
the Of stars in the Cygnus aggregate are definitely brighter than the pure 
absorption O stars and have an absolute visual magnitude of about 
— 6 - 0 .' 18 ’ 

Struve and Swings' 31 ’ have discussed the spectroscopic characteristics 
of many of these stars, while Swings' 16 ’ has grouped the Of stars into 
categories depending on the relative prominence of nitrogen and carbon. 
Some Of stars show bright fines of nitrogen with no trace of carbon, others 
such as 9 Sagittae show nitrogen and weaker carbon, yet others have CIII, 
25686, and Mil, 24641, fines of comparable intensities, while in some 
25686 is much stronger than 24641. 
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Perhaps the best known of the Of stars is 9 Sagittae. Fluorescence effects 
in the emission lines are marked. The A4686 line of the Paschen series of 
ionized helium appears as a weak emission, whereas the next line of the 
series, A3203, is a strong absorption line. The Mil radiations A4634, 4640 
(3p 2 P-3d 2 D) show the P Cygni character, i.e. they consist of emission lines 
with absorption components on their shortward edges. Evidently these 
lines arise in a shell. On the other hand, A4097-4103 (3s 2 S-3p 2 P) are 
strong absorption lines. Furthermore, the high-level A4379 (4f 2 F-5g 2 G) 
line is in absorption. Hence the special fluorescent mechanism described 
in Chapter III for Mil in gaseous nebulae cannot apply. Also CIII A5696 
(3p 1 P-3d 1 D) appears in emission. No high-level lines of CIII or of MH 
appear in emission so that recombination in a shell cannot produce the 
bright lines. Selective fluorescence, however, gives a good explanation of 
the A4686 emission. P Cygni-type line profiles are found for selected lines 
of hydrogen, helium, carbon, nitrogen, and silicon in other Of stars. If the 
bright lines are attributed to an expanding shell, expansion velocities of 
the order of 200 km./sec. are indicated. 

The most detailed quantitative study of the Of stars is that by J. B. 
Oke. (32) From an analysis of the intensities and profiles of the absorption 
lines he concludes that the gas pressure supports only a fraction of the 
weight of the atmosphere, the rest of the support being provided by radia- 
tion pressure and turbulence. He obtains indications of dimensions and 
luminosities in good accord with those found by Kuiper and by Miss 
Roman. 

Oke concludes that the emission fines arise in the upper atmosphere of 
the star rather than in an extended envelope because: (a) the profiles of the 
emission and absorption fines are very similar in shape and width; (b) in 
HD 192281, which shows pronounced rotation, the emission fines yield 
the same rotational velocity as do the absorption fines; (c) the ratio of the 
intensities of 4640 to 4634 indicates considerable self-absorption. Re- 
combination, which could be effective in an extended nebula, must be 
unimportant. He finds the radii of these stars to be about thirty times as 
great as that of the sun and the atmospheres themselves to have depths of 
the order of four million miles ! 

Oke measured the profiles and equivalent widths of the emission fines. 
These profiles must be corrected for the effect of the underlying stellar 
absorption. In Of stars, A4686 He II appears in emission, whereas in the 
ordinary O stars the incipient 4686 emission does not fill in the stellar 
absorption. 

The profiles of the Mil and A4686 lines show pronounced changes in 
periods of the order of several hours. The main part of the fines change 
considerably in shape and are accompanied by emission and absorption 
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satellites on the red and violet sides that come and go from plate to plate. 
These variations are probably sporadic rather than periodic, although 
more observation will be needed to settle this point. Presumably, the 
atmospheres of these stars contain great fields of prominences that change 
their configurations very rapidly. 


Table VI : 2 

The Spectrum of the Nucleus of NGC 6543 
( photographic region ) 


A 

Ident. 

Transition 

W'a 

4685-8 

Hell 

3-4 

13-8 

4658-6 

CIV 

5 2 j 

2-5 

4646-5 

CIV 

5 2 D-6 2 F 

1-6 

4647-4 

CIII* 

VS-VP 

— 

4619-4 

ATV 

3 2 S-3 2 P 

ro-4o 

1 0-20 A. 

4603-2 

ATV 

3 2 S-3 2 P 

JO-74 
\ 0-34 A. 

4541-6 

Hell 

— 

0*85 A. 

4088-9 

SiJV 

4 2 S-42p 

0-82 

4057-8 

AW 

3 l P-3 l D 

f 1° 

\ 0-16 A. 

3889-0 

HI 

2 2 PS 2 D etc. 


He I 

2 3 5-3 3 P 

1-3 A. 


HeU 

^F-l^Getc. 

— 

3835-2 

HI 

2 2 P-9 2 D etc. 

0-6 A. 


HeU 

4 2 /M8 2 Getc. 



3797-3 

HI 

2 2 P-10 2 D etc. 

0-7 A. 


He II 

4 2 F-20 2 Getc. 

— 

3563-4 

CIV 

3p 2 D-3d 2 F 

0-64 

3560-4 

— 

— 

0-69 

3484-9 

AW 

3s i S-3p i P 

0-42 

3483-0 

— 

— 

0-53 

3478-7 

— 

— 

0-53 

3411-8 

CIV 

3 2 P-3 2 D 

} 2a 

3409-8 

— 

3s 4 P-3p 4 D 

3403-6 

— 

3 2 P-3 2 D 

0-8 

3396-8 

CIV 

3s 4 P-3p 4 D 

0-23 

3385-5 

— 

— 

0-31 

3381-3 

— 

— 

0-29 

3375-5 

CIV 

3p 4 S-3d 4 P 

* 0-44 


The planetary nuclei with Of type of spectra include the central stars of 
IC 418 and NGC 6210, while those of NGC 6826 and NGC 6543 probably 
lie between the Of and Wolf-Rayet groups. In some of these objects the 
emission lines are very prominent. The nucleus of NGC 2392 is also an 
Of star (see Section 4). 

One of the most interesting of these objects is NGC 6543. Swings* 331 has 
pointed out that the lines of CII, CIII, and Mil observed in the nebula are 
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all due to recombination, which seems to be unusually efficient in this 
object, whereas the strongest lines of the three ions CIV, MV, and OIV 
appear with comparable intensities in the spectrum of the nucleus, which 
he classifies as W6. 

Table VI: 2, which is based upon observations secured by the writer at 
the McDonald Observatory in 1945, lists the nuclear lines observed in the 
photographic region of the spectrum. Successive columns give the line, its 
identification, the corresponding atomic transition, and finally the emission 
and absorption line intensities expressed in terms of equivalent widths 

Table VI: 3 

The Emission Line Spectra of the Nuclei of 

IC 4997 and NGC 6826 


A 

Ident. 

Transition 


IC 4997 

NGC 6826 

4685-8 

Hell 

3-4 



1-8 

4658*6 

CIV 

5 2 F°-6 2 G 

2-6 

0*9 

4650-2 

CHI 

3 2 S-3 2 P 

0-67 

0-7 

4640-6 

Mil 

3 2 P-3 2 D 

2-3 

0-8 

4634-2 

Mil 

3 2 P-3 2 D 

1-9 

0-4 

4057-8 

MV 

3 l P-3'D 

1-3 



referred to the underlying stellar continuum. Absorption fines are denoted 
by the letter A. Some of the higher members of the Balmer series are 
measurable, but the earlier members, HP, Hy, and Hd are masked by the 
strong nebular emission and are unobservable. The stellar CIV 24646 fine 
is confused with the CIII 24647 line of nebular origin, but the 4658-6 
CIV fine is free of such blending. MV and OIV are well represented, 
whereas STV is represented only by 24088-9. The NY fines 224603, 4619 
have profiles of the P Cygni type. Table VI : 3, also based on observations 
secured at the McDonald Observatory in 1945, gives similar data for the 
nuclei of IC 4997 and NGC 6826. All three of these stars represent objects 
in which nitrogen and carbon fines appear with comparable intensities. 
The nucleus of IC 418 is also similar in this respect. IC 4997, whose 
nucleus is classified by Swings and Struve as a W7 star, has an abnormally 
strong 24363 [OIII] line, indicative of a high electron density. (34) 

4. The Nucleus of NGC 2392 

This star, one of the brightest of planetary nuclei, has been studied in 
some detail. Its spectrum resembles that of certain classical Of stars, 
e.g. HD 14947 and HD 16691, although the Hell and VIII emission fines 
are very much narrower. The 224634, 4640 lines of VIII are present in 
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emission, whereas 2A4097, 4103 occur only in absorption. No carbon lines 
are observed. 

Olin Wilson observed the spectrum of the nebula and its central star 
with the coude spectrograph at the 100-in. reflector. 05 ' He determined 
the radial velocity of the system from the single nebular [A+V] lines, from 
the mean of the components of the doubled nebular lines and from the 
stellar emission lines as +71 km./sec. The absorption lines in the spectrum 
of the central star did not give the same radial velocities. The absorption 
lines of highest excitation, those of NIV, gave essentially the velocity 
of the system. The JVIII, He II, and He I lines gave +67, +63, and 
+57 km. /sec. respectively, while the hydrogen lines gave a radial velocity 
of +45 km./sec. That is, lines of lower excitation show successively larger 
shortward displacements, which suggest a variation of outward velocity 
with depth in the central stars’ atmospheres. The H lines are presumably 
formed highest in the atmosphere; the NYV lines deepest, in a region of 
much higher density and temperature. 

A comparison of the profiles of the hydrogen lines in the nuclear 
spectrum with those observed in the normal 09 star 10 Lacertae show 
them to be generally weaker (as a consequence of the higher temperature 
in the atmosphere of the central star), although the profile shapes are 
generally similar. The other absorption lines are likewise all shallow 
although this star gives a richer absorption spectrum than do most other 
planetary nuclei. 

Measures of the profiles of the emission lines in this and in other 
planetary nuclei suggest the possibility of time variations which may be 
similar to those found by Oke in the classical Of stars. 

5. Spectrophotometry of Planetary Nuclei 

Quantitative data on the profiles and total intensities of emission and 
absorption lines in the spectra of the planetary nuclei are necessary for an 
interpretation of these objects. Unfortunately all of these objects are faint. 
Many are involved in a bright nebula so that guiding at the telescope is 
difficult. Furthermore, the superposition of the bright nebular emission 
on the stellar absorption lin es often fills in or badly distorts the profiles of 
the latter. The only way these difficulties can be even partially overcome 
is to employ high dispersions at a large telescope. Coude dispersions 
(~10 A./mm.) are adequate but the number of planetary nuclei that can 
be reached with such a spectrograph even with a 100-in. telescope is very 
small. 

Some years ago the writer 06 ’ observed the brighter central stars with 
the Cassegrain spectrograph at the McDonald Observatory with the 
highest attainable dispersions. These observations have been partially 
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superseded by coude spectrograms secured by Olin Wilson. Measures of 
equivalent widths of absorption lines have been published for the central 
stars of IC 418, IC 2149, IC 4593, NGC 2392, NGC 6210, NGC 6543, 
NGC 6826, and NGC 6891. Profiles of emission and absorption lines 
in the nuclei of IC 418, 2149, 4593, and NGC 2392 have also been 
measured. <37) From these data estimates of the temperatures, electron 
densities, spectral classes, and chemical compositions can be made. 


Table VI : 4 

Spectral Classes of Planetary Nuclei 


Object 

Spectral 

Class 

Excitation 

Temperature 

IC 418 

07 

33,200 

IC 2149 

07-5 

32,500 

NGC 2392 

06 

34,500 

IC 4593 

07 

33,400 

NGC 6210 

07 

32,900 

NGC 6543 

07* 

33,000 

NGC 6826 

06 

34,600 

NGC 6891 

07 

32,900 


* Estimated from the intensities of lines not blended 
with nebular emissions. 


The profiles of Hy and 77<5 sometimes show an asymmetry in the sense 
that the wings are deeper on the shortward side — a consequence of the 
blending of a Balmer line with a Pickering line. Otherwise the lines show 
the type of profile anticipated for Stark broadening. 

The equivalent widths of the hydrogen and helium lines may be em- 
ployed to determine the spectral classes by the method of R. M. Petrie. <38) 
For most planetary nuclei it is possible to employ either the Hell Hell or 
Hell/H ratios, viz. 

He I 7(24471) 

Hell : i [7(24200) +7(24542)] ’ 

Hell \ [7(24200) + 7(24542) ] 

77 : l[UHy)+I c (Hd)] 

provided that the effects of blending with the nebular lines can be taken 
into account. Here I c (Hy) and I C (HS) are the intensities of Hy and Hd 
corrected for blending with the ionized helium fines. In practice the 
blending of the stellar and nebular 24471 Hel lines is found to be quite 
troublesome so that the HelljH ratio is the more reliable. In Table VI : 4 
we give the adopted spectral classes of the planetary nuclei whose 
absorption spectra have been observed with sufficient dispersion. 



STARS THAT ILLUMINATE GASEOUS NEBULAE 215 

The corresponding temperatures are taken from Petrie’s calibration of 
the excitation temperatures of normal O-type stars. They are not neces- 
sarily the same as the effective temperatures of these stars. At this point 
it is well to emphasize that Petrie’s temperature calibration involves the 
assumption that the helium/hydrogen ratio is the same in all stars. If the 
helium/hydrogen ratio turns out to be larger in the planetary nuclei than 
in the Type I population O stars, the excitation temperatures will be lower 
than the values we have tabulated. 

The equivalent widths of the HI and He II lines may also be used to 
estimate electron densities and the number of hydrogen and ionized helium 
atoms in the second and fourth levels, respectively, “above the photo- 
sphere” of the star. The depth of the photosphere, or more precisely the 
quantity of matter per cm. 2 above an optical depth of say 0-5, is fixed 
by the opacity of the atmosphere. This opacity is produced by the conti- 
nuous absorption of hydrogen atoms, of neutral helium atoms, of singly 
ionized helium atoms, and by electron scattering.' 391 The relative impor- 
tance of continuous absorption and of electron scattering will depend on 
the temperature and density. 

If the higher members of the Balmer series are formed in an optically 
thin layer, the relation between the number of atoms above the photo- 
sphere in the second level, N 0 , 2 H, and the equivalent width W* of the 
(2-n) transition will be 

jjg 2 

w>= — w 2 „n 0 , 2 h, ... (l) 

where f 2n denotes the oscillation strength of the transition. In practice 
one calculates log N 0i2 H from Wx for each line of the Balmer series and 
plots log N 0 , 2 H against n. For the earlier members of the series the 
computed value of N 0 , 2 H rises with increasing n, because the thin-layer 
approximation does not hold for strong lines. Gradually the log N 0 , 2 H-n 
plot flattens off as the thin-layer approximation is more nearly fulfilled. 
Finally, however, the lines begin to coalesce, the BVs are measured too 
small and log N 0 , 2 H decreases. An extrapolation of the plot, as suggested 
by Unsold, <40) gives a final estimate of log N 0 , 2 H. Unsold has made 
extensive applications of this procedure to early-type stars,' 41 ’ while the 
same principle was applied to the emission lines in the solar chromosphere 
many years ago by Menzel.' 421 

The application of this method to the four stars observed with the coude 
spectrograph yields values of log N 0 , 2 H close to 15-4 as compared with 
15-8 for 10 Lacertae,' 431 and 15-8 and 15-7 for the supergiants X Orionis 
(07-5) and 9 Cam (09).' 44) 

The electron density in the atmosphere may be estimated from the 
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intensities of Hy and Hd by a procedure employed by Unsold' 40 * or from 
the number of resolvable lines of the Balmer series. If n m is the principal 
quantum number of the last resolved Balmer line, the electron density is 
given by 

log jVe=23-46— 7-5 log n m , . . (2) 

a formula due to Inglis and Teller with the numerical value of the constant 
factor revised in accordance with the experimental work of W. Lochte- 
Holtgreven and W. Nissen at Kiel.' 45 * Further revisions in this formula 
appear to be required by recent studies of the hydrogen line profiles in the 
luminous shock tube at the University of Michigan. 

In the nuclei of NGC 2392, IC 418, and IC 4593, w m = 16 so that log 
N e — 13-46. In IC 2149 the Balmer series can be followed to n m = 19, 
corresponding to log A e =12-86. Estimates of log N f found from Hy and 
Hd are in good agreement with these values except for IC 2149. The 
electron densities are lower than in a main-sequence O star such as 
10 Lacertae, and appear to be more nearly comparable with those found 
in supergiant atmospheres. A study of the higher members of the Balmer 
series indicates that these lines are formed in the higher levels of the 
atmosphere, i.e. near an optical depth of 0-2 or 0-3, as one would expect 
for an atom that became rapidly ionized with depth. 

The observed data on the electron densities, temperatures, and mass of 
material above the photosphere may provide an estimate of the effective 
surface gravities of these stars provided the atmospheres are in hydrostatic 
equilibrium. At the base of the strata responsible for the stellar absorption 
lines, the gas pressure may be equated to the weight of the overlying 
layers, viz. 

Pg=M H gefjE[xNH, ... (3) 

where NH is the total number of atoms above the photosphere, /j. is the 
molecular weight, and the effective surface gravity may be taken approxi- 
mately as (46) 

geff=g~g' (4) 

Here 

M t* 

8=80 ~R2 ' ■ ■ ( 5 ) 

is the ordinary surface gravity; M is the mass and R the radius of the star 
in terms of the corresponding solar quantities. Here 

g '=icoT e 4 lc ... (6) 

is the acceleration produced by radiation. T e is the effective tempera- 
ture, a is the Stefan-Boltzmann constant, and k may be taken as the 
Chandrasekhar mean absorption coefficient. An estimate of g e /f can be 
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obtained in the following way: now P S =2P< for the highly ionized gas of 
the stellar atmosphere, and EuNH can be computed from the observed 
intensities of the hydrogen lines and the combined Boltzmann and Saha 
equations for the assumed temperature of the star. Hence the right-hand 
side of equation (3) can be computed. Then the value of g itself can be 
guessed. If the radius of the star can be determined its mass can then be 
estimated. 

If the star radiates as a black body at temperature T, its radius is related 
to its photographic absolute magnitude by 

M p = -0-83-5 log R + ^2 + 2-5 log (1 -lO" 14 - 600 / 1 )- (7) 

If we adopt T as the excitation temperature corresponding to the spectral 
type, and M p from the work of Berman, the radii of the planetary nuclei 
turn out to be comparable with that of the sun. The masses corresponding 
to g t ff—g' are likewise comparable with that of the sun rather than with 
the values appropriate to their luminosities in accordance with the mass 
luminosity law. (47) To phrase the result a little more accurately we may 
say that the spectra of the planetary nuclei are consistent with the hypo- 
thesis that their masses are only slightly larger than that of the sun. 

It is not possible to derive the actual stellar masses by the procedure we 
have described since we cannot be sure that the atmospheres are in 
hydrostatic equilibrium. The dependence of the radial velocity on the 
degree of ionization for the atoms in the atmosphere of the nucleus of 
NGC 2392 clearly show the difficulties to be encountered in the calculation 
of the structure of the actual atmosphere, a problem we shall mention in 
more detail in Section 8. 

At this point some mention should be made of the central stars which 
show no lines of any kind. With available dispersions the central stars of 
nebulae, such as NGC 4361, NGC 3242, and NGC 6853, show continuous 
spectra with no trace of any stellar lines. The latter, if present at all, must 
be very weak and lost beneath the strong nebular emissions. At high tem- 
peratures the absorption line spectrum must eventually disappear, and this 
seems to occur for the hottest planetary nuclei. In high excitation objects 
such as NGC 7027 or NGC 2440 no central star spectrum appears at all ! 

The nuclei of NGC 1535 and IC 3568 seem to show strong 24542 Hell 
absorption lines, but other lines are masked by the nebular emission. 
Tentatively, we may assign them spectral classes near 07 or 08. 

6. The Temperatures of the Central Stars of the Planetary Nebulae 

In the preceding section we saw how the excitation temperatures of 
planetary nuclei with absorption line spectra may be estimated from their 
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spectral classes. The objects for which such methods could be applied 
turned out to have excitation temperatures between 32,000° K. and 
35,000° K. Excitation temperatures might be derived for the Wolf-Rayet 
nuclei from their emission line spectra. 

The temperatures of the planetary nuclei were first estimated, however, 
by entirely different methods based on theories of the excitation of the 
gaseous nebula. In Chapter III we saw that if the nebular shell was 
optically thick, all the radiation emitted by the central star beyond the 
Lyman limit would be absorbed. Zanstra (48) showed that under these 
circumstances each Lyman continuum quantum would be degraded into 
a Lyman a quantum plus a quantum of the Balmer series or continuum. 
The total number of quanta in the Balmer series plus continuum must 
equal the number of quanta emitted by the central star beyond the Lyman 
limit. Hence, from a comparison of the intensities of the nebular Balmer 
lines with the underlying stellar continua, the temperature of the central 
star could be determined provided the latter radiates as a black body. 
Similar arguments can be applied to high excitation nebulae in which the 
lines of He II appear, except that here the Paschen and Brackett series of 
Hell rather than the Balmer series are observed. Hence, the relative inten- 
sities of the Brackett, Paschen, and Balmer series must be calculated (see 
Chapter IV). In this way Hell as well as HI temperatures can be deter- 
mined. Ambarzumian <49) pointed out that one could also get an estimate 
of the temperature of the central star from the intensity ratio of 24686 to 
Hp, provided the nebula was optically thick. The intensity of 24686 
depends on the recombination rate of doubly ionized helium atoms, which 
in turn equals the rate of photo-ionizations of Hell. The latter depends 
on the energy available shortward of 2228. The intensity of Hp involves 
the recombination rate of ionized hydrogen and therefore, since a steady 
state exists, on the stellar radiation field shortward of 2912. If the central 
star radiates as a black body its temperature will be uniquely defined by 
the ratio 

BAT)dv I j* B,(T)dv, 

J I J 

where v 1 denotes the frequency of the Lyman limit. The advantage of the 
Ambarzumian method is that one can compare the nebular lines 24686 and 
HP without measuring the underlying stellar continuum. Thus the method 
is available for high excitation nebulae such as NGC 7027 where the stellar 
continuum cannot be observed at all. 

The intensities of the forbidden nebular lines may also be employed to 
get the temperature of the central star. In the method due to Zanstra it is 
supposed that all the energy of the photo-electrically ejected electrons is 
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dissipated in the collisional excitation of the [OIII] lines. The energy 
required for the photo-ionization of each hydrogen atom is hv u so that 
the energy actually brought into the continuum is 


%mv 2 =h(v—v i). ... (8) 

Following Zanstra’s notation we let 


— -=4nR 2 7iI v . . . (9) 


denote the energy emitted by the star per unit frequency interval at the 
frequency v. If /„ is given by the Planck function and we define x=hvjkT, 
the total amount of energy emitted per second by the star beyond the 
Lyman limit will be 




E u = 


8Ls , Sn 2 R 2 k 4 „ 
— dv = — — - T « 
8v c 2 h 3 


e*-l 


dx. 


(10) 


If the nebula is optically thick all this energy will be absorbed. The 
corresponding number of quanta will be 



8 n 2 R 2 k 2 r x 2 

ju 

c 2 h 3 <?-\ 
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dx. 


Since the total energy of the free electrons, 


01 ) 


Ef=E u —N u hv u . . . (12) 


is assumed to be dissipated in the excitation of forbidden lines, we obtain 
from equations (10), (11), (12), and the definition of x, the total amount 
of energy, E, radiated in the forbidden lines, viz. 


8n 2 R 2 k 4 

c 2 h 3 



dx—x i 


e *— 1 



The total energy radiated in the [OIII] lines will be 

E=ZhvN p , 


(13) 

(14) 


where N p is the number of forbidden line quanta. We may write 
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e*-l 


A v , 


(15) 


where we have used equation (9). The quantity 

A v = . . . (16) 

v(8Lsld v) v ’ 

is determined from the observations. Here L p is the intensity of the nebular 
image, while 8L s /8v is the energy per unit frequency interval in the 
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underlying stellar continuum measured at the same frequency. Thus A, 
is a dimensionless number. Equating equations (13) and (15), we obtain 
the transcendental equation 



dx—xi 


Jx = A ” 


(17) 


which has to be solved by trial and error for each observed value 
of A v . 

Zanstra generalized this method to estimate central star temperatures 
from the magnitude difference between the star and the nebula. If it is 
supposed that the nebular magnitude is essentially that of the green nebular 
lines and that the stellar magnitude corresponds to the apparent brightness 
of the star at the effective photographic wavelength according to Brill, we 
can write 

m s —m n =f{T), . . • (18) 

where f{T) is a known function apart from an additive constant, which is 
determined from one or more nebulae where a good temperature deter- 
mination from equation (17) is available. Berman* 50 * estimated the ratio 
of the light of the nebula, l„, to that of the star, l s , to be given by 
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(19) 


The first term on the right gives the ratio of the number of observed Balmer 
quanta (equal to the number of stellar quanta emitted beyond the Lyman 
limit) to the number of stellar photographic quanta between x g (corre- 
sponding to 25050) and x„ corresponding to 23000). The second term 
corresponds to the ratio of energy in the green nebular lines to that in the 
stellar spectrum between 23000 and 25050. The factor O' 5 allows for the 
omission of Ha on photographs secured with ordinary emulsions, while 
the factor 0-8 allows for the lowered sensitivity of ordinary emulsions for 
the [OIII] radiation. Actually, the factors 0-5 and 0-8 have to be modified, 
depending on the emulsions and instruments used. Finally, the method 
fails for nebulae such as BD+30° 3639, where the [OIII] lines are weak or 
absent. Berman has estimated the temperatures of the central stars for 
many nebulae in this way. 

Zanstra has criticized Berman’s modification of his method and remarks 
that, “from the point of view of photometry the use of stellar photographic 
quanta can mean only a very approximate estimate”. 
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It must be emphasized that the nebular and stellar magnitudes, m„ and 
m s , available to Berman, Zanstra, Vorontsov-Velyaminov, and others were 
rather inhomogeneous and poor. The replacement of such data by photo- 
electric values such as those obtained by Liller will go a long way towards 
resolving this difficulty. 

Instead of comparing the nebular line intensities with the continuum of 
the illuminating star, Stoy (51) compared the intensities of the nebular, 
Balmer and forbidden lines. The basic assumption is the same as that 
made by Zanstra in his “nebulium” method, namely the energy brought 
into the continuum by the electrons photo-electrically detached from 
hydrogen is all dissipated in inelastic collisions with ions of 0 ++ , N + , etc. 

If all ultra-violet quanta are absorbed in the nebula their total number 
will equal the number of Balmer quanta, i.e. 


AnR 2 n 



8 n 2 R 2 


v 2 dv 



( 20 ) 


Here Lb denotes the energy radiated in the Balmer lines. The kinetic 
energy of an electron which has been ejected photo-electrically from an 
atom that has absorbed a quantum of frequency v is given by equation (8). 
Not all of this is available for forbidden line excitation. Accordingly, we 
modify Stoy’s treatment to take into account the fact that the final mean 
energy of the electrons is not zero but is given by 

. . ( 21 ) 


The energy contributed by each electron for the excitation of the nebular 
lines is 


\m{v 2 —v 0 2 )=h(v— v e ). . . . ( 22 ) 


Since all of the stellar ultra-violet energy is assumed absorbed, the energy 
available for the collisional excitation of the forbidden nebular lines is the 
number of quanta times the energy per quantum 


Then 
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where v p is an arbitrary frequency which we take as the frequency of Hp. 
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It is introduced in order to express both sides of the equation as a dimen- 
sionless ratio. The frequency of a Balmer line is denoted by v B . 

In Table VI : 5 we compare the temperatures of planetary nuclei deduced 
in different ways. The second column gives the temperature estimated from 
the spectral class under the assumption that Petrie’s temperature spectral 
class calibration is valid for these stars. The third column gives the 


Table VI : 5 

Temperatures of Planetary Nuclei 
{in thousands of degrees ) 


Object 

Spect. 

Class 

Zanstra 

Method 

Stoy 

Method 

Remarks 

Anon 0 h 25 m 

— 

40 

55 

a) 

IC 418 

33*2 

25 

18 

— 

NGC 2392 

34*5 

35 

56 

(3) 

IC 2149 

32*5 

40 

26 

— 

II 3568 

— 

30 

64 

(2) 

II 4593 

33*4 

25 

31 

— 

6210 

32 

30 

45 

— 

6543 

— 

35 

33 

(3) 

6572 

— 

45 

50 

(4) 

BD+30° 3639 

— 

25 

18 

(5) 

6826 

32 

30 

40 

(3) 

6891 

32 

30 

42 

— 

IC 4997 

— 

30 

39 

(5) 

7009 

— 

50 

49 

— 

7027 

— 

80 

65 

(6) 

7662 

— 

55 

70 

— 


(1) Spectrum of star appears continuous with no trace of any absorption 
or emission lines. 

(2) A4541 He II present in absorption— probably late 0. 

(3) See text. 

(4) Emission lines appear in spectrum of nucleus but no absorption lines 
are present. 

(5) Wolf-Rayet type. 

(6) Central star must be extremely hot and faint. 


“Zanstra” temperatures obtained by Berman from the magnitude dif- 
ference between star and nebula and from line intensity ratios. The fourth 
column gives the temperatures calculated by the Stoy method using the 
observed line intensities in the nebulae, under the assumption T e = 0. If 
the best estimates of the electron temperatures are made and the corre- 
sponding values of a(T) are computed, it is found that the nuclear tempera- 
tures are raised by several thousand degrees. The temperature of the 
IC 418 nucleus, for example, then comes closer to the other estimates. 
The Stoy method temperatures tend to show a greater range than do those 
found from spectral classes or the Zanstra methods. One must remark, 
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however, that the temperatures based on spectral types are limited to the 
small class of planetary nuclei that show absorption lines in their spectra. 

What of the temperatures derived from He II and from a comparison of 
24686 and HP They turn out to be much higher than the Zanstra 
“hydrogen” or “magnitude-difference” temperatures. Wurm has discussed 
this question in some detail in his recent book on planetary nebulae. <52) 
He finds the temperature of the nucleus of NGC 7009 to he between 
85,000°K. and 115,000°K., whereas the nuclei of NGC 7027 and 7662 
have temperatures between 11 0,000° K. and 200,000° K. Wurm and 
Singer 153 ’ interpretet the nebulae with very high ratios of 7(4686)/7(/7/?) as 
objects that are optically thick for radiation of wavelength shorter than 
2228, but thin for the radiation between 2912 and 2228. Hence the Zanstra 
condition of complete absorption of ultra-violet radiation holds for ionized 
helium but not for hydrogen. Some years ago Minkowski (54) established 
that many nebulae of low surface brightness must be optically thin in the 
Lyman continuum, but it seems doubtful that nebulae of high surface 
brightness are optically thin at the Lyman limit (see Chapter III). 

Wurm has also derived temperatures of planetary nuclei from the ratio 
of the intensity in the nebular continuum at the Balmer limit to that of the 
continuous spectrum of the central star. This ratio depends on the tem- 
perature of the central star, the fraction of captures on the second level 
(which depends on the electron temperature), and upon the optical thick- 
ness of the nebula. On the basis of this method Page assigned lower limits 
of 50,000° K., 120,000°K., and 55,000°K. to the nuclei of NGC 6543, 
NGC 6720, and NGC 7662. (55) One would expect these results to agree 
with those found from Zanstra’s original hydrogen-line method, but the 
latter are much lower. In the absence of published details of his work a 
critical evaluation is not possible. 

Zanstra’s original method, his nebulium and star-nebula magnitude 
difference methods, as well as Wurm’s Balmer continuum method all 
involve a comparison of the radiation of the central star in the accessible 
spectral region with its radiation in the far ultra-violet. On the other hand, 
the 7(4686)/7(/7/9) method and the Stoy method involve either the com- 
parison of the stellar energy curve in one part of the far ultra-violet with 
that in another part of the far ultra-violet — or the comparison of the 
integrals of I v and 7„/v over the far ultra-violet. The assumption is made 
throughout that the central star radiates as a black body. 

Actually, we have no direct means of testing the validity of this hypo- 
thesis. In Section 8 we shall show how a judicious guess of the ultra-violet 
energy distribution can be made by the method of model atmospheres. The 
predictions of such theories might be trusted for ordinary stars, but stars 
surrounded by extended envelopes are likely to have extremely complicated 
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ultra-violet energy distributions. Detailed calculations for envelope-free 
stars, particularly by W. Liller, suggest that the temperatures obtained by 
the original Zanstra method (or variants thereof that involve a comparison 
of the far ultra-violet energy with the energy in the observable region of 
the spectrum) give more reliable results than those that compare one part 
of the far ultra-violet with another, or that depend on a strict black body 
energy distribution in this region. We return to this question in Section 8. 

7. The Chemical Compositions of the Planetary Nuclei 

Present-day concepts of stellar evolution assign the nuclei of the planet- 
aries to an ancient population. In the colour-magnitude arrays for the 
Type II population they lie near the horizontal branch of blue-white stars, 
although they appear to be intrinsically brighter than the ex-novae. Stars 
of a somewhat similar character have been found in high galactic latitudes. 
As an example one may mention BD+28° 421 1 , an extremely blue, diffuse- 
line object discussed by MacRae, Weston, and Fleischer.* 561 Munch has 
found that stars of this type often show abnormal helium/hydrogen ratios. 

As we have seen, the nuclei of the planetaries include Wolf-Rayet, 
Of type, and absorption-line objects. Differences in the nitrogen/carbon 
ratio seem to exist in the classical Wolf-Rayet and Of stars. Quantitative 
estimates of the composition differences in the Wolf-Rayet stars were first 
made by the writer some years ago, while Oke has recently determined the 
compositions of several Of stars. 

The population Type II Wolf-Rayet stars that appear in planetary 
nebulae appear to mimic the composition differences that are found in the 
Type I high luminosity Wolf-Rayet stars. That is, helium appears to be 
more abundant than hydrogen and the ratios of carbon, nitrogen, and 
oxygen seem to fluctuate from one object to another. In Campbell’s 
hydrogen envelope star or the nucleus of NGC 40, carbon appears to be 
eight or ten times as abundant as oxygen, while helium seems to be about 
ten times as abundant as carbon. On the other hand, in NGC 6543 the 
emission spectrum is consistent with equal abundances of oxygen and 
nitrogen with carbon about four times as abundant as either. No emphasis 
can be placed on these figures as e mis sion-line spectra are strongly affected 
by special excitation mechanisms. Nevertheless, the spectral differences 
from one star to another strongly suggest that differences in chemical 
composition are real and striking. 

Swings and Struve and, more recently, Swings and Swensson have 
emphasized that the Wolf-Rayet planetary nuclei often are of the “inter- 
mediate” type. That is, they resemble HD 45166, whose spectrum exhibits 
sharp lines of carbon, nitrogen, oxygen, hydrogen, and helium more closely 
than they do other “classical” Wolf-Rayet stars which fall in distinct 
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carbon-oxygen-helium or nitrogen-helium composition classes. Many of 
these nuclei have relatively sharp emission lines, and the writer often has 
called them Of rather than Wolf-Rayet stars. The demarcation lin e 
between Of and Wolf-Rayet stars is indistinct, particularly when planetary 
nuclei are classified according to this scheme which was developed for 
population Type I high-temperature stars. 

Turning to the absorption line stars, we find that the determination of 
compositions is complicated by other factors. First, the lines of elements 
other than hydrogen and helium are usually very weak in the spectra. 
Second, the intensity ratio of the Pickering fines of ionized helium to the 
Balmer fines of neutral hydrogen depends critically upon the temperature 
and density. There is no evidence that the HI He ratios in the nuclei of 
IC 418, NGC 2392, IC 2149, and IC 4593 differ from those obtaining in 
“normal” Type I stars. 

A planetary nucleus that appears definitely to be a helium star is the one 
associated with NGC 246. No hydrogen fines can be identified with cer- 
tainty in its spectrum. The Pickering fines and 24686 are strong, but the 
CIII 24650 and CIV lines are yet stronger. There are no emission lines in 
the spectrum save those of OVI 23811 and 23838, nor is there any trace 
of any nitrogen. Berman assigns a temperature of 35,000° K. to this 
object, but this value seems to be too low. 

We have already mentioned that the masses of the planetary nuclei are 
probably not much greater than that of the sun. Presumably they represent 
Type II stars that are near the end of their evolution. John Crawford' 57 ' 
has suggested that the planetary nuclei derive their energy from Salpeter’s 
helium-burning mechanism.' 581 The presence of objects with varying 
proportions of carbon, oxygen, and nitrogen suggests that the element- 
building process may have gone beyond the carbon synthesis stage. These 
questions cannot be settled until the detailed evolutionary tracks of stars 
in the colour-magnitude diagram have been computed.' 59 ' Further 
speculation at this time seems unwarranted. 

8. The Energy Fluxes from O and B Stars 

In striking contrast to the tiny blue stars that illuminate the planetary 
nebulae are the O and B stars that ionize the interstellar medium and 
excite the diffuse nebulae characteristic of the Type I stellar population. 
The sources of information on the radii, masses, and luminosities of these 
objects have been discussed in Chapter III. Here we shall concern our- 
selves with the characteristics of their radiation. The state of ionization 
of the interstellar medium and the level of excitation of gaseous nebulae 
depends upon the intensity and frequency distribution of the radiation 
beyond the Lyman limit in the spectra of the exciting stars. 
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Given the chemical composition of the superficial layers, their excitation 
temperature, and the surface gravity it should be possible to calculate the 
structure of the stellar atmosphere (i.e. the dependence of temperature and 
density on depth in the star), provided that it is in hydrostatic equilibrium. 
If the observable layers of the main sequence O and B stars of interest to 
us are composed primarily of hydrogen, we can assert that they are in 
radiative rather than in convective equilibrium. 

We shall not attempt to give the detailed theory of the calculation of 
model atmospheres for high-temperature stars. Models have been calcu- 
lated by Rudkjobing, (60) by Anne Underhill, 1 611 by Pecker, (62 > by Jean 
McDonald, (<53) by Neven and de Jager, <64) and by others. <65> 

The usual procedure has been to integrate the equation of hydrostatic 
equilibrium as a function of optical depth. If radiation pressure can be 
neglected, 


dP g _ g 
dt ~~Jc 


(25) 


where t is the optical depth in terms of the integrated radiation, and k is 
the mean absorption coefficient. If radiation pressure has to be taken into 
account, the equation of mechanical equilibrium is (61) 
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where a is the coefficient of electron scattering and a R is the Stefan- 
Boltzmann constant. The calculation of the model atmosphere proceeds 
by successive approximations. Usually it has been assumed that in the 
first approximation the temperature distribution can be taken as that 


appropriate to a grey body, i.e. 

7’ 4 (f)=V / 3r 0 4 [f+?(0], • • • ( 27 > 

where To is the boundary temperature and q(t) is a known function of f. 
The element of optical depth in the integrated radiation is given by 

di=kqdx, . ■ ■ (28) 


where k is the mean absorption coefficient. The calculation of a satis- 
factory k turns out to be extremely difficult. We would like to compute 
a mean absorption coefficient in such a way that if we define 

t= \kqdx, .... (29) 

the temperature will be the same function of t as T is of t for a grey atmo- 
sphere. For the late O and early B stars it does not seem possible to 
calculate a k that will satisfy this condition — at least in the initial stages 
of the calculations. 

Some workers have started their calculations with the grey-body tempera- 
ture distribution and the Rosseland mean absorption coefficient. The 
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convergence of the solution to a final model in which the flux is constant 
with optical depth and in which the condition of radiative equilibrium is 
fulfilled in each volume element is discouragingly slow. Indeed, Miss 
Underhill has pointed out that the Rosseland mean is not valid for the 
atmospheres of early-type stars. She has found that near spectral class 09 
the Chandrasekhar type mean gives a much better, although still not 
entirely satisfactory, first approximation. Detailed calculations show that 
even at optical depths larger than those expected to contribute to the 
formation of the observable spectral lines the necessary conditions for the 
validity of the Rosseland mean are not yet fulfilled. 

The most recent work suggests that it may be best to discard entirely 
the concept of a mean absorption coefficient and integrate the equation of 
hydrostatic equilibrium in terms of the optical depth at some fixed 
wavelength, e.g. 25000. It is necessary to make a guess about the tempera- 
ture distribution, but one can make a guess as good as the original grey- 
body approximation. The model atmosphere must be improved by 
iteration procedures until the conditions of radiative equilibrium and 
constancy of flux are fulfilled. 

The grey-body approximation fails most severely as the boundary of 
the star is approached. The relation between the boundary temperature 
T 0 and the effective temperature T e is 

4/31/2 

~ Te • • • < 3 °) 

for a grey body. For a B star the boundary temperature is much lower 
than the value predicted by this formula. The radiation emergent beyond 
the Lyman limit is accordingly less than for a grey body of the same 
effective temperature, i.e. the same energy output. 

The lowering of the temperature near the boundary is a consequence of 
the so-called blanketing effect — produced in this instance by the strong 
absorption beyond the Lyman limit. The qualitative effects may be 
predicted with the aid of a theory developed by Chandrasekhar in a study 
of the influence of the absorption lines upon the temperature distribution 
in the solar atmosphere . (66> Chandrasekhar assumed that the absorption 
lines were evenly distributed over the spectrum with a probability a x . 
Unsold suggested that one could regard the Lyman absorption as equiva- 
lent in its action to that of absorption fines, and write 
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where F, is the emergent flux from the star and r x is the frequency of the 
Lyman limit. <67> Uns5ld neglects the variation of this ratio with depth in 
the atmosphere and replaces the strongly wavelength-dependent stellar 
absorption coefficient k, by constant values, i.e. k x and k 2 , for the spectral 
regions 0— v x and v t — oo. He calculated these averaged values as Rosse- 
land means taken over the appropriate spectral regions. The appropriate 
Rosseland mean absorption coefficient for the whole spectral region 
is then 


i = ^i + ^ 

k ki k 2 


(32) 


and if we put Xi—ki/k and x 2 =k 2 /k, we can then write the temperature 
distribution as a function of optical depth by 


T 4 =WT e *[i+q(i)], . . . (33) 

where q(t) is given by Chandrasekhar’s equation 

qm = [ 3 (*> + *») + 2vlA 
-Mi-i) <34) 

where 

A- , 1 ■ ■ ■ ( 35 ) 

Va 1 x 1 +a 2 x 2 


In the smallest optical depths the temperature falls below that of the 
corresponding grey body. Then the temperature rises for a time above 
the grey-body value, and finally converges to the grey-body approximation. 

Neven and de Jager derived empirical model atmospheres in which they 
postulated that the hydrogen lines were formed in strict local thermo- 
dynamic equilibrium in accordance with an assumed formula for the 
hydrogen lines. The model atmospheres derived in this way for specific 
stars were not tested for constancy of flux nor for radiative equilibrium. 
The derived temperatures are perhaps too low and the temperature distri- 
butions appear to predict larger limb-darkening coefficients than are 
observed. 

J. E. Milligan and the writer have adopted a somewhat different point of 
view. (68) Since hydrogen appears to be very much more abundant than 
helium, it suffices to consider a pure hydrogen atmosphere in the first 
approximation. The effect of the addition of a small amount of helium can 
be treated as a perturbation. To start the calculations it was assumed that 
the mean absorption coefficient approached the modified Chandrasekhar 
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mean <69) near the surface and the Rosseland mean at great depths. Except 
near the surface, where the temperature distribution was corrected for the 
blanketing effect in accordance with the Chandrasekhar-Hopf (66 > 70) theory, 
a grey-body temperature distribution was assumed. Three approximations 
to the temperature distribution were required before the flux became 
constant to within 2 % over a range of optical depth 0 to 2-0. In the fourth 
approximation the flux was constant to within the errors of the calculation. 



Fig. VI : 4. The Emergent Energy Distribution in the Spectrum of a Hot Star. 

The star is assumed to be composed of pure hydrogen and to have an effective tempera- 
ture of 29,500° K. Ordinates are (flux)/ji=/v in ergs/cm. 2 /sec.; the abscissa is the 
frequency, v. The dotted curve gives the corresponding curve for a black body at this 
same temperature. (See reference 68.) 


The boundary temperature was held constant at 1 8,000° K., and the surface 
gravity was taken as 1-6 x 10 4 degrees. The condition of radiative equili- 
brium was fulfilled to within the accuracy of the computation. 

Fig. 4 shows the character of the emergent flux in comparison with that 
of a black body of the same effective temperature. Notice the copious flow 
of energy in the spectral region just redward of the Lyman limit and the 
depletion of the energy on the high-frequency side of this limit. Not only 
is the amount of energy cut, but its distribution is radically altered from 
that of a black body. If helium is present in quantity a strong absorption 
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will set in at 2504, but in the interval 2912 to 2504 the energy distribution 
will still be “bluer” than for a black body of the same effective temperature. 

The strong dependence of the energy distribution shortward of 2912 on 
the hydrogen/helium ratio in the star is well illustrated by a comparison 
of these results with those found for a pure helium atmosphere of about the 
same effective temperature. 17 11 Between 21200 and 23400 the grey energy 
distribution lies above that of the helium star, whereas from 2912 to 2504 
the stellar radiation is considerably in excess of that of the grey body. 

Thus the quantity and distribution of the energy emitted beyond the 
Lyman limit depends not only on the effective temperature of the star, but 
very much on its chemical make-up. Until the hydrogen/helium ratio is 
established for the star responsible for the excitation of a given nebula, 
little emphasis can be placed on “temperatures” derived from the quantity 
and quality of the energy in their far ultra-violet spectra. 

Miss Underhill (61) and, subsequently, Liller (72) have calculated the fluxes 
from stars with effective temperatures near 44,000° K. and log g=4-20 and 
5-00, respectively. The deviations of the energy distributions from that of 
a black body of the same effective temperature are striking, but, curiously, 
Liller finds that the correction to the temperature estimated by Zanstra’s 
nebulium method is small. The correction is much larger for a star of 
effective temperature near 35,000° K. 

To summarize: the excitation and ionization of gaseous nebulae or the 
interstellar medium are intimately controlled by the distribution of energy 
beyond the Lyman limit in the spectra of the illuminating stars. For a star 
in hydrostatic equilibrium this energy distribution will depend on: (1) the 
temperature distribution in the outermost layers (which is dependent on 
the blanketing effect); (2) the hydrogen/helium ratio. 

The qualitative influence of these factors on the various types of “tem- 
peratures” derived from the energy in the far ultra-violet may be sum- 
marized briefly: methods which compare the total amount of far ultra-violet 
and visual region energies are going to be less affected than methods which 
depend on the energy distribution in the far ultra-violet at least for the 
hotter stars (T> 45,000° K.). For example, Zanstra’s nebulium method 
should be less affected than Stoy’s method. 

A star composed mostly of helium might give too high a temperature by 
Zanstra’s first method. In general, one might expect the HI, Hel, and He II 
methods to give false temperatures. A pure hydrogen star whose energy 
distribution is strongly depleted just to the short wavelength side of 2912 
might radiate nearly as a black body near 2228 so that the temperatures 
derived from the intensity ratio of 24686 to Hj3 might be too high. Hence, 
Wurm’s contention that the high 7(4686)/7(77/S) ratio necessarily implies a 
thin optical shell for the radiation just shortward of the Lyman limit is not 
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rigorously justified. These matters cannot be investigated in a satisfactory 
fashion until appropriate model atmospheres for high-temperature stars 
have been calculated. 

It is of considerable importance to the relation between the diffuse 
emission nebulae and their illuminating stars that the latter are often 
multiple. Frequently, in addition to the O star or stars that produce the 
excitation, there are also fainter B stars that are certainly physically asso- 
ciated with it. Such groupings have been discussed by W. W. Morgan, 
by V. A. Ambarzumian, (73) and particularly by Stewart Sharpless. (74) 
Multiple stars like the Trapezium in Orion are rather common, and even 
apparently single O stars may be very close multiples. Evidently such stars 
tend to originate in groups or associations. The gravitational interactions 
between the stars and their individual motions result in a loosening of the 
group. Some may escape and the remainder may form relatively stable 
configurations. 

The best photographs of Messier 33 show that the illuminating “stars” 
of gaseous nebulae are here also often resolved into small, compact groups. 
For this reason the determination of the magnitudes and colours of the 
illuminating stars is extremely difficult. 

The widespread prevalence of multiple stars as sources of the luminosities 
of diffuse nebulae must be taken into account in the theoretical work on 
specific objects. 
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CHAPTER VII 


Structure and Internal Motions of the 
Planetary Nebulae 

1. Theory of the Ionization and Stratification of a Gaseous Nebula 

In this chapter we are going to discuss in detail the structure and internal 
motions of the planetary nebulae. Our plan of attack is as follows. First 
we shall calculate the ionization of a nebula surrounding a hot star, 
following the suggestion by I. S. Bowen (1) and the theory by Bengt 
Stromgren. (2> Then we shall examine the observed forms of the planetary 
nebulae to see how many of their features admit of a straightforward 
interpretation. It is necessary to consider not only the appearance of the 
nebulae upon direct photographs or slitless spectrograms but also the 
internal motions as revealed by the spectroscopic studies. 

In an effort to interpret the clouds of ionized hydrogen observed by 
Struve and his co-workers (3) in the neighbourhood of hot stars, Stromgren 
treated the ionization of a mass of hydrogen of uniform density exposed 
to dilute high-temperature radiation. (4) These computations showed that 
in the immediate neighbourhood of the hot stars hydrogen is completely 
ionized, and remains so for a distance from the star that depends on the 
density of the gas and the available high-frequency radiation. Once neutral 
hydrogen atoms start to form from the free protons and electrons the 
process proceeds rapidly with the result that the transition from an ionized 
(Hll) region to a neutral (HI) region takes place quickly. Thus the 
hydrogen ionization regions, which are defined by the faint glow of 
recombining protons and electrons, should have sharp boundaries as 
appears to be in harmony with the observations. 

The original equations derived by Stromgren involved a number of 
approximations in the physical theory: (1) The frequency variation of the 
continuous absorption coefficient beyond the Lyman limit is neglected. 
(2) An approximate form of the ionization equation is employed wherein 
the recaptures on the higher levels are not taken into account. (3) The 
modification of the composition of the radiation field by radiative processes 
occurring within the nebula is neglected. Only the direct, diluted, radia- 
tion from the illuminating star is considered. Stromgren discussed the 
effects of some of these approximations and concluded that the main 
features of the ionization zones would not be greatly affected. We shall 

234 
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try to allow for items (1) and (3) approximately, and take item (2) into 
account as well as the known atomic parameters permit. 

The assumptions of uniform density and electron temperature were 
made for convenience. In the planetaries the nebular shell does not neces- 
sarily have a constant density or temperature throughout. Therefore we 
shall generalize Stromgren’s method for an arbitrary variation of the 
density and electron temperature with distance from the exciting star. 

Let us first consider the ionization in a nebula of hydrogen surrounding 
an illuminating star. Suppose that the number of hydrogen atoms plus 
ions, N(s), and the electron temperature T ( depend only on the distance s 
from the central star. Furthermore, let us adopt the Wien approximation 
to the Planck law. The ionization equation for hydrogen, equation (65), 
Chapter IV, then assumes the form 

r e ~ y 

W — dy 

N,N e _(2nmkT e yi 2 ) yi y . (}) 

Nt h 3 G Te 

where y—hv\kT x , 7\ is the colour temperature of the central star, and G Tf 
depends on the electron temperature in accordance with equation (50), 
Chapter IV. The geometrical dilution factor is 


W g = 


R 2 

4s 3 ’ 


( 2 ) 


and to this must be added the effect of the extinction of the starlight in the 
nebula. Stromgren uses for this factor the approximation 

e- T ", 

where t„ is the optical depth as measured from the inner boundary of the 
nebular shell at the Lyman limit. The corresponding element of optical 
depth is 

dx u ={\ —x)N(s)a u x 3-08 X 10 18 d[y, . . (3) 

where the parsec (1 parsec=3-08 x 10 18 cm.) is chosen as the unit of 
distance for s, a u is the absorption coefficient at the Lyman limit and x is 
the degree of ionization of hydrogen. That is, 

N=N<=xN and Nt=(l-x)N e . . . (4) 

Actually the ionization equation should be written in the form 

NN< (2jimkT e ) 312 R 2 1 f * ^ 

Nt h 3 4s 2 G T( ) yi y y ’ ' () 
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where the optical depth r„ at the frequency v is related to that at the 
Lyman limit by 

T „=r a (glgi), • • • (6) 

since the absorption coefficient for hydrogen is given by 

a v —a u (glgi)- ( 7 ) 


Here v x is the frequency of the Lyman limit and g is the Gaunt factor. 

We shall attempt to allow for the influence of the variation of r„ with v 
in the following approximate way. The integral on the right-hand side of 
equation (5) is replaced by the approximation 

%a> — /yi\* 8 

dy -> e -T “ 6 £iO>i), . . (8) 

J* y 

where E\ is the exponential integral function. The factor b is an empirical 
correction which will depend on the assumed optical depth of the nebula 
and on the temperature, 7\. At high temperatures of the central star not 
only will b become small, but the Wien approximation to Planck’s law will 
no longer be valid. The best we can do is to estimate an average value 
of b for the nebula under question. For example, with T x =30,000° K. 
and r a =l-0, h=0-70. 

The influence of the ultra-violet radiation produced by recapture of 
electrons on the ground-level is more troublesome to evaluate. Ambar- 
zumian (5) referred to this re-emitted Lyman continuum radiation as diffuse 
radiation, since the quanta escape from the atoms in random directions. 
On the other hand, the radiation from the central star is directed along the 
line from the central star to the point in question. A rigorous treatment 
of the problem would require the solution of the transfer equation for the 
continuum, but for present purposes we may be justified in following 
Zanstra and assuming that each Lyman continuum quanta is converted 
into a Lyman a quantum on the spot. The ionization equation is then 
written in the form 

NiN t (birnkTc 312 ) R 2 E 1 (y 1 ) e~'“ b 
Ni h 3 4 G T€ s 2 U 

Making use of the equations (4), we find 

y2 p r u b 
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where 
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since s is measured in units of parsecs and R in units of the radius of the 
sun. Putting in numerical values there results 


Ci(r £ )=10-o-5ii?2^Zll7’ e 3 « . . (12) 

G T' 


The optical depth at the Lyman limit is chosen as the independent 
variable. Then 


*„=3-08xl0 18 (l-x)iVa 1( <&. . . (13) 


Since T t is presumed known as a function of s, Ci(7Y) can be calculated as 
a function of s, viz. Q(s). Equation (10) can be written as 


1— x=x 2 e Tub 


N(s)s 2 

Ci(s) 


(14) 


and substituted into equation (13). We obtain 


,NKs) 


e~ Tub bdr u =e~'dt=3-0$ X 10 18 a u bx 2 * 2 ds. 

C i(s) 


Let us introduce new variables, w and z, by 

yv—e~\ 


where t=r u b, and 


dz= 3-08 x 10i * baLu ?Pfl s 2 ds. 

Ci(s) 


Thus the relation between z and s becomes 


(15) 

(16) 
(17) 


z=3-08 X 10 18 6a« 


5 N 2 (s) 
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s 2 ds, 


(18) 


where z = 0 when s— 0. The equations to be integrated numerically are 
then 


dw=—x 2 dz, 

\-x 1 s 2 N(s) 0(z) - 

jc 2 w Ci(^) w 


(19) 


where /?(z) is known on the basis of the observed density and temperature 
distribution in the nebula. 

To start the integrations we make use of the boundary conditions that 
w=l when z=0, and that 

w—l—z for 1— x<^l. 


( 20 ) 



238 GASEOUS NEBULAE 

In practice, one may plot /?(z) against z and obtain an approximation 
formula of the type 

m=Az r , . . . ( 21 ) 

where A and r are empirical constants. Thus 


dw 

dz 


= —x 2 . 


1 — X 


Az r 

= — for small z. 

w 


( 22 ) 


Detailed application of the Stromgren theory to various model nebulae 
shows that despite the irregular density variations the hydrogen ionization 
zone has a very sharp boundary, so that the ionization decreases abruptly 
to zero over a short distance. The sharp boundaries of a number of 
planetary nebulae suggested to various writers that the luminous portions 
of such objects were merely the hydrogen ionization zones in a somewhat 
larger gas cloud. <6) This condition cannot be true for all planetary 
nebulae. (7) In some objects of low surface brightness we must be able to 
see the entire extent of the nebular gases. Nevertheless it appears to hold 
for certain nebulae of high surface brightness such as NGC 6826 whose 
luminous disk is surrounded by a very faint halo of extremely low surface 
brightness. Minkowski interprets this halo as marking the actual boundary 
of the nebula. It is faintly luminous because of radiation which leaks 
through from the inner region of the nebula, perhaps because of irregu- 
larities in the structure, e.g. filaments, etc. The Ring nebula, NGC 6720, 
also shows a faint outer halo; we recall that this object has a pronounced 
filamentary structure. 

The Stromgren type of analysis can be applied to other gases as well. 
K. Wurm, (8) for example, has discussed the problem of ionized helium — 
the formal theory of which is similar to that of hydrogen. 

For He I, one may employ equation (75), Chapter IV, where the ioniza- 
tion potential Xi =24-46 e.v., and the statistical weights are ®/=2, »i=l*0. 
The correction factor D may be calculated from the known absorption 
coefficients for the ground and certain excited levels, and with an assumed 
hydrogen-like absorption coefficient for higher levels (see Chapter IV, 
p. 142). For example, if T f = 10,000° K., and 7\ =30,000° K., we find 

Z)=0-88 W g e~' rb , . . . (23) 

where r is the optical depth at the series limit. For most purposes it is 
sufficiently accurate to set b = 1 as a^r) does not vary too sharply with 
v over the frequency range in question. 

Since hydrogen is presumably much more abundant than helium we 
may have to take into account also the extinction produced by hydrogen 
at the helium series limit. That is, 
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dx={\ -XHe)N H e3 - 08 X lO^Wji^fc+Cl -x*)Afa3-08 X 10 18 ai(v)ff<fe. 

. (24) 

At the helium series limit ai(v) He ~ 0- 1 7a,( v,)#. In practice the influence of 
hydrogen will be important only if its atoms become neutral in appreciable 
quantities in regions where helium is yet ionized, a circumstance which 
seems unlikely. The transfer problem for helium may become more impor- 
tant than for hydrogen because of the large probability of recapture in the 
ground-level. 

Oxygen offers an interesting application of the stratification theory. 
Lines of [01], [Oil], and [OIII] can all be observed in the gaseous nebulae, 
although the radiations usually observed are those of [Oil] and [OIII]. 
Detailed illustrative applications are reserved for a later section, but we 
can mention here that in nebulae of fairly regular form and relatively 
low excitation the transition from [OIII] to [Oil] takes place rather 
gradually. 

2. The Forms of the Gaseous Nebulae 

In this section we shall be concerned almost exclusively with the 
planetary nebulae. Despite their oft-times irregular and complicated 
appearance, most planetaries possess some suggestion of a symmetry that 
is entirely missing in the prominent diffuse nebulae. The latter often 
suggest random, unorganized masses of gas and small particles that have 
no more system of arrangement than do the clouds usually seen in the 
earth’s atmosphere. The material which happens to be near sufficiently 
luminous hot stars is illuminated and caused to shine; that which is not so 
located may appear as dark lanes of obscuring matter (see Chapter VIII). 

The shapes of the planetary nebulae, on the other hand, are often fairly 
symmetrical at least in the first approximation. Evidently they were 
formed by some ejection process involving the central star, although it 
seems likely that after the ejection ceased, the form of the nebula may 
have been appreciably modified by local radiation pressure and by other 
forces. 

Regular forms such as IC 418, IC 4568, or IC 4406 appear to be rela- 
tively rare. Most nebulae have forms that cannot be interpreted in terms 
of simple elliptical, spherical, or cylindrical forms. Attempts have been 
made to classify them as ring, double-ring, amorphous, etc., forms, but 
Minkowski’s photographs taken with the 200-in. telescope show the 
complexities to be such that more elaborate descriptions are necessary. 

A detailed account of the observational data, illustrated by numerous 
photographs, will be found in Minkowski and Wilson’s monograph on 
the planetary nebulae. (9) In our present discussion we will refer to the 
isophotic contours of a number of the plates obtained at Palomar. 




Fig. VII : 1. The Structure of the Giant Planetary NGC 650-651 
and Related Objects . 



(c) 


(a) The idealized model for nebulae of this type consists of a roughly elliptical 
shell which is thinner in the equatorial plane than near the poles. There is 
also an outer envelope. The edge of the Stromgren ionization zone is denoted 

by the dotted line. 

(b) Appearance of idealized model. The shaded area corresponds to the 
ionized region (t<t 0 ). The sharp boundary denotes the edge of the ionization 
zone (t<t 0 ). BB' denotes the axis of symmetry of the nebula. Along the 
lines ABC , A'B'C' we see the edge of the ionization zone. At D and D' we 

see the edge of the ionized material itself. 

(c) Isophotic contours of NGC 650-1 in the [OIII] radiation. The contour 
lines correspond roughly to log 7=0-0, 0-4, 0-8, 1 -2, 1 *6, and 1*8. (Traced from 

plate PH 227M secured by R. Minkowski with the 200-in. telescope.) 
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Many planetaries show distinct effects of stratification. That is, the 
radiations of highly ionized atoms such as NeV, AW are concentrated 
towards the central regions, [0III], [IVelll], and H are found farther out, 
whereas [Oil] and [SII] tend to have the largest images of all. We shall 
call attention to stratification effects in our discussions of the isophotic 
contours of slitless spectrograms of these objects (see Section 3). 

Long exposures with the large reflectors show that some nebulae such 
- as NGC 6543 and NGC 7662 have faint outer envelopes with a sharp 
limit. This faint limit may mark the extent of the actual nebular material 
or it may represent a shock front zone. The outer edges of luminous rings 
photographed with ordinary telescopes presumably mark the ends of the 
Stromgren ionization zones. If the structure of the nebula is filamentary 
some radiation may leak through tiny gaps in the material and produce 
a small amount of ionization in the surrounding shell of neutral gas. 

A somewhat different situation appears to be presented by nebulae such 
as NGC 650-1, NGC 2346, and NGC 2371-2. Minkowski suggests that 
in portions of these objects we observe the edges of the Stromgren ioniza- 
tion regions, whereas in other portions we do not. The situation may be 
explained with the aid of Fig. 1 (a). Imagine that the nebular material was 
distributed in the form of an elliptical shell with a less dense outer envelope. 
We suppose that the elliptical shell was thicker and perhaps denser towards 
the poles than in the equatorial regions. Early in the expansion only the 
inner zones of the inner shell are ionized so that the nebula would appear 
as a ring-form structure. Later the equatorial zone would become so 
attenuated that radiation could penetrate it and excite the outer envelope. 
At the same time, the elliptical shell would still be so thick that the edge 
of the ionization zone indicated by the dotted line would lie well wi thin 
its boundaries. A schematic representation of the appearance of a nebula 
such as NGC 650-1 is given in Fig. 1 (b). The shaded regions corresponding 
to t<t 0 (where r 0 may be of the order of 5) are excited by the central star. 
The sharp boundary corresponds to the sudden depletion of the ionizing 
radiation. The isophotic contours of NGC 650-1 (Fig. 1 (c)) show the sharp 
falling-off of intensity on the edge of the ionization zone. NGC 650-1 
shows condensations and spots that are enhanced on the Ha and [7711] 
photographs as compared with the [OIII] photos. 

The nebula NGC 650-1 cannot be symmetrical about the axis drawn 
through the central star and perpendicular to the longest diameter, nor is 
the latter axis an axis of symmetry. The surface brightness of the nebula 
is asymmetrically distributed so that it cannot be interpreted as an object 
with rotational symmetry. 

A striking nebula that exhibits bilateral symmetry but defies any inter- 
pretation in terms of ejection hypotheses, rotation, etc., is the object 
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MHa 362 discovered by Minkowski in his Ha survey. In this general 
category one might also classify CD — 29° 13998 which, on long exposures, 
resembles a bit of looped thread or a hysteresis loop. The isophotic 
contours (shown in Fig. 2) exhibit the symmetry characteristics in a semi- 
quantitative manner. Since the plates were not photometrically calibrated 
the intensities of the different contours are only approximate. 



Fig. VII: 2. 

(a) Isophotic contours of the planetary nebula, MHa 362, in the 
radiation of Ha+ [MI]. 

Notice the bright central condensation and the two wings which 
give the nebula the appearance of the type of emblem frequently 
seen at the top of a totem pole. Contours are traced at approximate 
log / values of 0 0, 0-4, 0-8, 10, 1-2, 1-4, and 16. The central star 
is at the centre of the nebula. (Traced from plate PH 182M secured 
by R. Minkowski.) 



(b) Isophotic contours of CD -29° 13998 in the radiation of 

The brighter portions of this remarkable nebula show reverse S- 
shaped symmetry. The contours correspond roughly to steps of 
A log /=0-2, i.e. a half-magnitude. (Traced from plate PH 187M 
secured by R. Minkowski.) 

Neither of these objects are rotationally symmetrical. 

The nebulosity associated with R Aquarii, NGC 6537, or Anon 19 h 48 m 12 s 
+33° 35*7' (1950), illustrate yet another kind of symmetry. Minkowski 
has suggested that the forms of these objects may be interpreted in terms 
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of a pair of looped filaments as indicated in Fig. 3 (b). Each filament AB 
or A'B' is sharp at one end ( B or B') and knotty at the other (A or A’). 

Many nebulae show extended filaments, spikes, or ansae. The classic 
example is NGC 7009, which shows two bright ansae at the ends of the 
major axis. The level of excitation is usually lower in the ansae than in 
the main body of the nebula. Thus for NGC 7009 the results given in 
Table VII: 1 are found. (10) 



Fig. VII : 3. 

(a) Isophotic contours of NGC 6537 in the radiation of Ha. 
Notice the four arms of the nebula and the rapid increase of bright- 
ness towards the centre. Contours are traced at approximate log I 
values of 9-8, 0 0, 0-3, 0-5, 0 7, 0-9, 11, 1-3, and 1-5. (Traced from 
plate PH 179M secured by R. Minkowski.) 



(b) Possible schematic interpretation of nebulae such as NGC 6537 
in terms of looped filaments. 
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Table VII : 1 

Comparison of the Spectrum of the Main Body of NGC 7009 with that of 

Its Ansae 
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Ion 

Intensity 
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Ion 

Intensity 

Main 

Body 

Ansae 

Main 

Body 

Ansae 

5007 

[OIII] 

96 

106 

4101 

Hd 

2*5 

2 

5959 

[OIII] 

34 

40 

3967 

[Atelllj 

4-0 

4 

4861 

m 

10 

10 

3889 


1-8 

2 

4686 

He II 

1*4 

0 

3868 

[M?III] 

80 

11 

4340 

Hy 

3-4 

4 

3727 

[Oil] 

1-7 

18 


In each part of the nebula the intensities are referred to that of Hfi as 10. 
Notice the great relative enhancement of [Oil] A3727 and the disappearance 
of A4686 He II in the ansae. 

Features that we might refer to as ansae are often less symmetrically 
placed. For example, in NGC 7662 they appear as short spikes. The 
[Oil] A3727 image in the Ring nebula, NGC 6720, shows pronounced 
tufts, whereas the [OIII] ring has merely a rough outer edge. 

The filamentary structure characteristic of many planetary nebulae is 
probably better exhibited by photographs than by isophotic contours, 
although the latter give a better idea of the gradations in background 
intensity. The eye perceives sharp, small-scale intensity gradients, but 
tends to pass over slow intensity gradients. 

Fig. 4 shows the isophotic contours of the low excitation planetary 
NGC 40 and of NGC 1501, which shows no stratification but exhibits on 
direct photographs an extremely filamentary appearance with twisted ring- 
like structures that range in size from less than one second of arc to about 
five seconds. Another example is the object numbered MHa 192; 
a=17 h 18 m 42 s , 8=— 38° 26' (1950), in Minkowski’s Ha survey. Short 
exposures show a splotch-ring structure with many delicate condensations. 
Longer exposures show a faint elliptical envelope covering the whole 
system. 

NGC 6751 and 6905 are nebulae with Wolf-Rayet nuclei (see Fig. 3 of 
Chapter VI). The former shows an extremely mottled ring and consider- 
ably different appearance on the [OIII] and Ha-\- [VII] photographs. The 
latter shows detailed structures similar to NGC 40, but the spectra of 
NGC 40 and of NGC 6905 are entirely dissimilar. Likewise, Merrill’s 
planetary with the high-velocity Wolf-Rayet nuclear star shows an 
extremely irregular structure. At the other extreme is the Owl nebula, 
NGC 3587 (see Fig. 5). This object shows little evidence for stratification. 
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Fig. VII : 4. The Isophotic Contours of NGC 40 and NGC 1501 . 
These planetaries exhibit a marked filamentary structure. Notice the large 
number of small knots and condensations. “Valleys” in the contour diagram 
are denoted by dotted lines. The position of the central star is indicated 
by a black dot. (Both plates, PH 21M and PH 121M, were secured by 

R. Minkowski.) 

(a) NGC 40 in the radiation of Ha. 

Notice the concentration of brightness at each end of the “minor axis”. 
Contours are drawn at approximate log / values of 0*0, 0*3, 0*6, 0*75, 0*9, 

1*0, 1*2, and 1*3. 



10 *’ 

( b NGC 1501 in the [OIII] radiation. 

Notice the large number of deep “pits” in the contours and the abrupt 
decline in intensity at the edge of the nebula ! Contours are drawn at log / 
values of 0 0, 0*2, 0*4, 0*6 0*8, 1*0. 
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although the //d-|-[iVII] ring may be a little larger and brighter. The 
striking feature of this nebula, however, is its perfectly smooth internal 
structure as photographed with the 200-in. telescope. Any fine structure 
in this nebula would require a scale of much less than 0-5". 



Fig. VII : 5. Isophotic Contours of the Owl Nebula, 

NGC 3587 in the [O///] Radiation. 

The surface brightness of this nebula declines smoothly 
towards the outer periphery. Each contour is labelled with 
its approximate log /. Minkowski and the writer have dis- 
cussed the structure of this nebula in Ap. 120 , 261 (1954). 

(Traced from plate PH 49M secured by R. Minkowski.) 

Minkowski emphasizes that the difficult phenomena to understand is 
not the filamentary structure of the large nebulae, but rather the smooth 
surface brightness of objects like the Owl nebula. At the dimensions, 
densities, and internal velocities of the planetaries, the Reynolds number 
is of the order of 10 7 to 10 8 , and all such objects should be turbulent 
structures. 

The filamentary structure often differs from one type of ion to another. 
Sometimes the [All] radiations indicate much sharper features than do 
the [Dili] images. The Dumbbell nebula in Vulpecula, NGC 6853, has 
an extremely mottled appearance. The outermost wisps are prominent 
and the nebula has somewhat of an hour-glass appearance in the [All] 
+Ha exposures, whereas the [OIII] photographs show greatly enhanced 
narrow filaments. The largest planetary, NGC 7293, shows an extremely 
delicate structure of narrow thread-like filaments and small “hard” 
condensations. 

Attention should be called to a number of ring planetaries of extremely 
low surface brightness. For example, Minkowski’s planetary a=16 h 25 m 39 s . 
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6 =+28° 5-4', has a sharp edge, but it cannot be a Stromgren sphere 
unless it is at an improbably high distance. The object a=19 h 4 m 17\ 
<5= +6° 19' 34” (1951), has a sharp outer boundary with a mottled ring 
inside, but a very low surface brightness. 

The best-known planetary, NGC 6720, the Ring nebula in Lyra, shows 
an extremely interesting structure when photographed with the largest 
available scale and appropriate colour filters. The 3727 [Oil] radiation 
gives the largest images. The [OIII] image is much smaller and the 4686 
He II image is the smallest of all. This nebula shows considerable complex 
structure in the rings with a maximum surface brightness at the ends of 
the minor axis. The distribution of intensity across the ring, however, is 
such that the [iVelll], [Oil], and hydrogen emissions cannot be interpreted 
as even approximately uniform spherically symmetrical shells (see Fig. 6). 

David S. Evans and A. D. Thackeray 1 111 carried out a photographic 
survey of the brighter southern planetaries with the Radcliffe reflector at 
Pretoria. Their observations are on a smaller plate scale, and do not 
include the filter-plate combinations necessary to isolate the various 
nebular lines. Nevertheless, a number of interesting objects have been 
described in their survey. They have classified their own objects and the 
ones photographed by H. D. Curtis 1 12) on the basis of the nebular sym- 
metry. They describe the various symmetrical forms as spherically 
symmetric such as the simple disk and ring, biaxially symmetric about two 
axes at right angles, centrally symmetric in which the structure is un- 
changed by reflection of each point of itself in the central star, and finally 
the helical form. To this they add what they call irregular nebulae which 
amounts to about 30% of the total. It is probable that when further 
photographic observations are made, the percentage of truly irregular 
objects will be greatly cut down. 

One severe restriction placed upon the interpretation of the usual 
nebular photographs is that these often represent the composite effects of 
radiations of a number of different kinds of atoms in different stages of 
ionization. The picture obtained depends on the type of plate used, the 
reflectivity of the telescope mirror or the transmissivity of the objective, 
and the transparency of the atmosphere. The use of narrow band-pass 
filter combinations and special emulsions now available often permits 
nearly monochromatic photographs to be made. It is hoped that the 
southern planetaries can be rephotographed with plate-filter combinations 
similar to those used by Minkowski. 

Among the southern nebulae must be mentioned the remarkable object 
IC 4406 which has been described by D. S. Evans, <13) and whose shape and 
luminosity distribution has been interpreted by H. Zanstra and W. J. 
Brandenburg. (14) The nebular image appears as a luminous band of nearly 
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constant width running approximately in the east-west direction, so it is 
rather sharply cut off on the north and south by two parallel, nearly 
straight lines. The east and west boundaries are rather vague. Zanstra 
and Brandenburg assumed that the luminous body of the nebula is 
restricted to a cylinder whose axis lies in the plane of the sky and whose 
radius is H (see Fig. 7). The positive axis of X points to the west, the 
F-axis points to the south, and the Z-axis towards the observer. The 
central star is at 0. It is supposed that within the small angle dQ, the 
nebula has a uniform emission/cm. 3 for all values of r between r=0 and 



Fig. VII : 7. Coordinate System chosen for the Interpretation of the 
Surface Brightness in IC 4406 . 

It is assumed that the nebula is a cylinder whose axis lies in the 
plane of the sky. The X axis (axis of cylinder) and Y axis lie in 
the plane of the sky, while the Z axis points towards the observer. 

Here 9 ? is the angle between the YZ plane and the radius vector. 

(Courtesy H. Zanstra and W. J. Brandenburg, Bull. Astr. Inst. Netherlands , 11, 351, 

(1951).) 

r=R=H sec <p, where q> is the angle between the cone dQ and the YZ 
plane, i.e. it is the angle between the radius vector drawn to the emitting 
point and the plane of symmetry of the nebula. The emission is proportional 
to cos 3 <p . A comparison of the resulting isophotes with those obtained by 
Evans shows a fair amount of agreement, considering the simplicity of the 
model (see Fig. 8). The chief differences are that the theoretical isophotes 
are more closely spaced along the T-axis (north-south directions) than are 
the observed isophotes, and that they show a more pronounced dent in the 
east and west direction. Possibly the amount of radiating material is 
greater in this direction. Conversely, it would be possible to invert the 
process by assuming cylindrical symmetry and deriving the emission per 
unit volume as a function of distance from the nebular axis. 

One might suppose that IC 4406 could be taken as a model for ring 
nebula of the type described by Curtis in which the intensity inside the 
ring was too low as compared with the surface brightness in the ring. 
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NGC 6720 is an example of such an object, and it has been suggested that 
a cylindrical form might account for the great brightness in the ring as 
compared with the centre in certain monochromatic images. The axis of 
the nebula would have to be pointed nearly in the direction of the observer. 
Zanstra and Brandenburg re mi nd us that with a random distribution of 
axes in space we then should observe many nebulae similar to IC 4406, 
whereas only this one object is known. Adopting a distance of 1400 parsecs 
for the nebula, the radius of the cylinder is 24,000 astronomical units and 
its length is about 90,000 astronomical units. 

3. Monochromatic Isophotic Contours of Planetary Nebulae 

For a detailed understanding of the planetary nebulae it is necessary to 
have information on both the structure and the internal motions, i.e. the 
distribution of the radiating matter and its kinematics. 

Qualitative descriptions based on direct photographs or slitless spectro- 
grams are useful in a first reconnaissance of the problem but the construc- 
tion of geometrical models for the nebulae requires quantitative data such 
as are provided by isophotic contours. The contours depicted in Figs. 1-6 
were traced from certain of Minkowski’s plates for which photometric 
standards were not available. Most of them involve emulsions and 
development conditions similar to those of his standardized plates, so we 
have been able to give the approximate intensities of the isophotic contours. 
In this section we shall describe some of the results obtained with photo- 
metrically calibrated Mt. Wilson and Palomar material and give inter- 
pretations in Sections 4 and 5. The pioneer work on isophotic contours 
for planetary nebulae was that by Louis Berman. (15) He secured photo- 
metrically calibrated slitless spectrograms with the quartz slitless spectro- 
graph on the Crossley reflector at the Lick Observatory. He then made 
successive tracings parallel to the dispersion across the monochromatic 
images. Each tracing gave a cross-section of each of the monochromatic 
images, and by combining successive tracings contour maps could be 
constructed. Berman measured plates of IC 4593, NGC 6543, 6572, 6826, 
7009, 7027, and 7662, with particular emphasis upon NGC 6572. His 
isophotic contours show the relatively regular structure of NGC 6572, the 
complicated shells of NGC 7009, and the exceedingly intricate helical 
structure of NGC 6543 whose lack of symmetry makes a determination 
of its true structure difficult. He made no attempt to interpret the contours 
quantitatively in terms of the spatial distribution of the radiating matter, 
but he did determine the total relative intensities of the nebular images. 

The determination of isophotic contours is beset with a number of 
difficulties. The finite size of the analysing beam of the microphotometer, 
the effects of bad seeing plus the inevitable guiding errors and the scattering 
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of light in the emulsion, all conspire to smear out the fine details in the 
nebular images. Finally, on slitless plates, the internal motions in the 
nebula tend to blur the nebular images by an amount depending on the 
velocity of the material along any given fine of sight. Direct photographs 
secured with appropriate plate-filter combinations are very useful for the 
images of the strongest lines. 

Some of these difficulties can be overcome by going to larger telescopes. 
Olin C. Wilson employed the coude spectrograph of the 100-in. reflector 
in a slitless form. The equivalent focal length of the coude arrangement is 
250 ft., so that with a collimator of 290-cm. focus and a Schmidt camera 
of 81 -cm. focus, a plate scale of 9-64"/mm. is obtained. This scale is 
about four times that of the spectrograph employed by Berman. 

Many of Wilson’s plates have been traced in the balanced-beam iso- 
photometer. Objects of fairly symmetrical structure present no difficulty, 
but those characterized by numerous irregularities — such as NGC 2392, 
to mention an extreme example — require great care in tracing so that 
none of the “islands” and “valleys” are missed. 

Typical isophotic contours based on calibrated direct photographs and 
slitless spectrograms are reproduced in Figs. 9, 10, 11, and 12. Among 
the simplest appearing nebulae is NGC 6572. Wilson’s slitless spectro- 
grams' 16 * show the outer portions of this nebula to possess an amorphous 
structure. The nebula is not strictly elliptically symmetrical as earlier 
observations with smaller telescopes suggested. Nevertheless, the iso- 
photes show a high degree of smoothness and regularity. Mgl 24571 and 
[.SIT] show a shell structure, whereas ATI! 4640 and [A IV] 24740 apparently 
do not. The bright central star limits the study of the contours to the 
stronger lines since the weaker emissions are all blended with the spectrum 
of the nucleus. From tracings perpendicular to the dispersion direction 
Wilson and the writer have corrected the intensity distribution for the 
contribution from the central star and for the effects of seeing and guiding 
(see Section 4). 

NGC 6210 also shows contours with the intensity decreasing monotoni- 
cally outwards from the brightest part which, however, is not centrally 
located with respect to the central star or the system of contours (see 
Fig. 9). The extremely high excitation nebula NGC 6741 and the low 
excitation object IC 4593 show amorphous patterns similar to those of 
NGC 6210, but the bright central core appears double in the Ni image of 
IC 4593 and in the HP, Hell, and [iVcIII] images of NGC 6741. Double 
cores appear in many nebulae. Fig. 10 illustrates the contours for 
NGC 2440. The outer portions of this nebula show an extremely complex 
structure. 

Among the ring nebulae we may mention several examples. In Section 4 
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Fig. VII : 9. Isophotic Contours of NGC 3242 , NGC 6210 , and N GC 7009 . 
Minkowski obtained a photometric calibration for these images by using a fixed 
exposure time and different apertures. 

(а) NGC 3242. Notice the sharp intensity decline at the edge of the inner ring and 
the low intensity of the central region. The contours are plotted at intervals of 

A log /=0*1. 

(б) NGC 6210 exhibits a monotonic decline in intensity outward from the centre. The 
values of log 1 are 9*9, 01, 0*3, 0*5, 0*7, 0*9, M, 1*2, and 1*3. Contours of the [OIII] 
image are published in the author’s Astrophysics — Nuclear Transformations , Stellar 

Interiors , and Nebulae , Ronald Press Co., New York, 1954, p. 199. 

(c), (d) NGC 7009. Images for Ha and [OIII] are depicted. The high ellipticity 
of the inner ring structure is well exhibited. 


254 


GASEOUS NEBULAE 


we shall describe the relatively regular structures IC 418 and IC 3568. 
Fig. 9 shows the isophotes of the Ha images of the double-ring planetaries 
NGC 3242 and NGC 7009. Both of these objects display a relatively 
broken inner ring and a much fainter outer one. Contours of mono- 
chromatic images of NGC 7009 are reproduced in Chapter II, Fig. 10. 

NGC 24-40 



10 " 


Fig. VII : 10. Isophotic Contours of Monochromatic Images of NGC 2440. 

This planetary which resembles NGC 7027 in many respects has a double core or 
“condensation” and faint outer appendages. We depict the images for 24959 [OIII], 
24861 Ilf 24686 He II, and 23425 [AW], The numbers on the contours give log I. 

Compare also with NGC 650 which has a very much lower surface brightness. 
(Traced from a slitless spectrogram secured by Olin C. Wilson with the coudd spectrograph 

at the Mt. Wilson Observatory.) 


Notice that the inner, brighter ring in NGC 7009 is elongated with the 
intensity minima along the major axis. The He II radiation is confined to 
the inner ring; the low excitation radiations extend to the ansae (cf. p. 244). 

Detailed studies have been made of the Ring nebula in Andromeda 
NGC 7662. It consists of a bright, broken inner ring surrounded by a 
fainter, mottled outer ring. The contours for the radiations of [OIII], 
[Afelll], H, He II, and 23425, [AeV] and 23444 [OIII] are illustrated in 
Fig. 11. Notice the striking similarity between the [OIII] and [iVelH] 
images. The irregular knots and condensations tend to be repeated from 
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/.4686 //ell are reproduced from a sliiless spectrogram secured by 
0 + C. Wilson with the coude spectrograph and 100-in, reflector. 
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Fig. VII : 11 (b) 

The values of log I for the successive contours are as follows: 
A4686 Hell 3*8, 0*2, 0*4, 0*5, 0*6. 

A5007 [OIII] 01, 0-6, 0-9, 1-2, 1-3, 1-35. 

A4340 Hy 10, 1*4, 1-6, 1-8. 

A3868 [Neill] 9*7, 01, 0*5, 0-7, 0-9, M, 1*2. 

A3425 [NeV] and 3444 OIII 0 0, 0*2, 04. 

(Traced from a slitless spectrogram secured by O. C. Wilson with the 
100-in. reflector.) 
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one image to the next; most of the irregularities in the outer contours of 
this nebula are real. The effects of plate grain, etc., are negligible in 
comparison. The zero point of the intensity in each image is arbitrary so 
the contours cannot be compared in detail. The inner ring in [OIII] and 
[iVelll] tends to have the appearance of a broken C with a saddle point 
on the minor axis. The hydrogen images do not show this saddle point, 
and the Hell and [iVieV] images actually have a maximum of intensity 
here! The Hell radiation is missing completely from the outer ring. 
Olin Wilson observed not a trace of it in a three-night exposure with the 
coude spectrograph at the 100-in. The slitless data have been supple- 
mented for this object by a direct photograph taken in the light of [OIII] 
by R. Minkowski with the Hale telescope. A comparison of the results 
shows that the distortion of the isophotic contours by the internal motions 
in the nebula is not great. 

The most complex nebula for which isophotic contours have been 
measured is NGC 2392. This object has been classed as a double-ring 
structure, but a cursory examination shows that no simple shell can 
account for its complex features. The outer ring is very much fainter than 
the inner disk, as is well shown by the isophotes which crowd closely 
together at the edge of the inner disk (see Fig. 12). Notice the diminished 
surface brightness near the centre of the nebula. (Dotted lines are used to 
indicate “valley” contours.) The central star is very bright and distorts 
the contours along a line across the nebula. Notice that, in contrast to 
NGC 7662 where the Hell radiation was confined to the inner ring, the 
24686 Hell radiation appears throughout the entire nebular structure. 
The pronounced filamentary structure of this nebula together with its 
complex internal motions place it among the most difficult objects for 
interpretation. 

The isophotic contours have the advantage that they display the essen- 
tial information of slitless spectrograms or direct photographs on a quanti- 
tative scale. They show, for example, that features that attract the eye are 
often no more than small perturbations on a flat background or steep 
intensity rise. On the other hand, they suffer from the limitations in seeing 
and guiding inherent in all direct photographs. In a few of the more 
symmetrical nebulae it is possible to trace the plates perpendicular to the 
dispersion and correct the intensity cross-sections for seeing and guiding 
errors. We shall illustrate these procedures for IC 418 and IC 3568. 

4. Spatial Distribution of the Radiating Gases in Symmetrical Planetaries 

In Chapters IV and V we saw that formulae developed from theories of 
nebular line radiation almost invariably referred to the emission per unit 
volume at a certain point in the nebular shell. The observational data, on 
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FiG. VII ; 12, Silt less Spectrograms and isophot k Contours of NGC 2392, 

{Top) The slitless spectrograms were secured by 01 in C. Wilson with the coude spectro- 
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Fig, VII : 13. (Top) Slitless and Slit Spectra of 
various Images in 1C 418 „ 

These spectra were obtained by Olin C, Wilson with the coude 
spectrograph at the Mt. Wilson Observatory. 

{Bottom) Iso photic Contours of the Image of [O III] and f 1/1 
Notice the concentration of intensity at the ends of the minor axis of 
the A4861 H[i image as though the density is greater in the polar 
regions and smaller in the equatorial plane. The surface brightness 
of the [O Ml] radiation falls off monotontcally away from the central 
star. The contours in these and in the images of certain other 
planetaries (c.g, NGC 2392) are distorted along a horizontal line 
passing through the centre by the effect of the continuous spectrum 
of the central star. 
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the other hand, consist at the best of isophotal contours of selected lines, 
the relative intensities (surface brightnesses) in the various radiations, and 
the average surface brightness of the [OIII] lines in nebulae where these 
radiations are strong. In nebulae of reasonably symmetrical structure it 
should be possible to est im ate the emission per unit volume from the 
observed intensity distribution across the image. That is, on the assump- 
tion that the structure of the nebula, in the first approximation, can be 
represented as at least circularly symmetrical in a plane containing a line 
drawn across the nebula and the line drawn to the observer, the radial 
emission distribution may be derived. 

Before describing the recent work on this problem some reference should 
be made to earlier attempts to obtain quantitative information on the 
nebular structures. Long ago, H. D. Curtis made qualitative comparisons 
between the nebular forms as observed by him on direct photographs 
secured with the Crossley reflector and various geometrical models of 
ellipsoidal shells, etc. <12) He pointed out that uniform shell structures 
could not account for objects such as the Ring nebula in Lyra NGC 6720. 
W. K. Green’s study of the structures of NGC 7009 and NGC 6543 was 
one of the earliest attempts at a quantitative investigation. 1 171 He supple- 
mented direct photographs taken with the Crossley reflector by radial 
velocity studies made with the 36-in. refractor and Mills’s spectrograph. 
Green derived the variation of intensity across the nebular images in 
different position angles and compared them with theoretical intensity 
curves of ellipsoidal shells of gas. He tried to represent his radial velocity 
and photometric observations with a model nebula made of several shells 
of rotating gases. 

In 1919, Reynolds' 18 ' photographed the Dumbbell nebula in Vulpecula 
on orthochromatic and ordinary plates and measured the intensity varia- 
tions across the nebula in several position angles. Vorontsov-Velyaminov 
and Mrs. Cramer' 19) later concluded that this object was so complicated 
that it could not be interpreted by means of any unique theoretical model. 
Subsequent observations with large telescopes have tended to substantiate 
these conclusions. 

Vorontsov-Velyaminov tried to study the structure of NGC 6720 on 
direct photographs taken at Simeis.' 20 ’ In view of the marked structural 
differences between the He II, H, [Dili], and [Oil] images in this nebula 
(cf. Fig. 6) little significance can be assigned to his quantitative results. He 
found that although the nebula does have a certain equatorial symmetry, 
the density must depend on the three spatial coordinates. For a study of 
NGC 6572 <21) he used Berman’s isophotes of the monochromatic images 
and estimated the density variation of the radiating material by a method 
similar to that given by von Zeipel <22) and by Plummer' 231 for the 
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evaluation of the spatial density of the stars in a spherical star 
cluster. (24) 

O. C. Wilson and the writer (25) have carried out a detailed analysis for 
the small, low excitation, planetary IC 418. Fig. 13 shows the isophotic 
contours of two of the principal nebular lines, Nl and ///$. The bright 
central star produces complications in the interpretation of the contours 
so that the actual analyses have to be carried out from microphotometer 
tracings made across the nebular images. The [MI] and [Oil] images give 
the appearance of hollow shells. The [OIII] image shows a concentration 
towards the central star as does (to a lesser degree) the hydrogen image. 
The outer ring in H, [Oil], and [MI] has a minimum intensity along the 
major axis and a maximum intensity at the minor axis. The distribution 
of [SII] is similar to that of [Oil], whereas that of [Mill] is similar to that 
of [OIII]. In order to secure data for both weak and strong images Wilson 
obtained a graded series of exposures made with the 100-in. coude spectro- 
graph in the slitless form. The plates were traced in the microphotometer 
perpendicular to the dispersion; runs were made across the nebular images 
and also across the star spectrum close to the nebular image in order that 
the contribution of the starlight could be subtracted from the reduced 
tracing of the nebula. 

Furthermore, the effects of seeing, guiding errors, and turbidity in the 
photographic emulsion blur the nuclear star spectrum into a fuzzy line of 
finite width, and likewise soften the features of the nebular image. Let us 
denote the relative intensity distribution along a line drawn perpendicular 
to the spectrographic dispersion in the broadened nuclear star spectrum 
by K(S), where S is the distance from the centre of the image. Then, if the 
observed intensity distribution across a monochromatic nebular image 
after subtraction of the light of the central star be denoted by Io(x), while 
I(x ) denotes the true intensity distribution, we have 

r+ co 

h(x)= I K(y-x)I(y)dy. . . (25) 

V _ co 

The “diffusing function” K appears as the kernel of the integral equation. 
It must be normalized such that 

/* -boo Z* 00 

I Q (x)dx = I I(y)dy. . . (26) 

j -00 J -CO 

The problem of correcting the observed intensity distribution for the effects 
of guiding, seeing, and photographic turbidity is similar to that of correct- 
ing an observed frequency function for observational error, or an absorp- 
tion line profile for the finite resolution of the spectrograph. In each 
instance the kernel K must be a known function, I 0 (x) is observed and the 
problem is to find I(x). 
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Equation (25) must be solved by successive approximations. <26) If the 
kernel is narrow compared with the intensity variations across the nebula, 
the first approximation to the solution will often suffice. If the K function 
is broad, the solution may not converge at all and the fine details of the 
nebular structure certainly will be lost. 

To obtain a first approximation to the solution of equation (25) we sub- 
stitute I 0 for I under the integral, and solve the equation for a fictitious / 0 
which we call /</. Then we form the difference 7 0 (x) —I 0 '(x) and add it to 
I 0 (x). This first approximation to I(x) then may be checked by substituting 
it under the integral sign in equation (25) and comparing the predicted 
and observed I Q (x). If the (seeing-)- guiding) kernel K(s) is narrow the 
process will give reasonably satisfactory results (see Fig. 2 of Reference 25). 

The most serious approximation is made in the next step of the analysis. 
This is the assumption that in the plane containing the observer and the 
direction of the tracing the emission in the nebula depends only on r, the 
distance from the central star. Actually this degree of symmetry does not 
really exist since I(x)^I(—x), x=0 being the position of the central star. 
The two sides are sufficiently alike, however, to allow a mean curve to be 
drawn to represent the average radial intensity distribution. Subsequent 
measures along the minor (y) axis in Ha and [All] slitless spectrogram 
images show a symmetrical structure, but although /(y) — /(— y), 7(y)^/(x) 
in any approximation. Let us first consider the analysis of the major 
axis data. 

Once suitable mean values of I(x) have been chosen, the hypothesis of 
symmetry is invoked to obtain the relative emission/cm. 3 , E(r). If the 
nebula is spherically symmetrical, the contribution to I(x) by a volume of 
unit cross-section and length dz along the line of sight will be 


E(r)dz = 


E{r)rdr 

Vr 2 —x 2 


(27) 


The sum of all these contributions to the intensity I(x) at x is thus found 
to be 


I(x) - 2 


E(r)rdr 


(28) 


Vr 2 —x 2 

This integral equation was first formally solved by Abel. The solution 


m = 


1 a r i(w)dw 

n dr y/ w — r 

«/ r 


(29) 


involves a differentiation of the observed I(x). Now I{x) involves the 
averaging of the intensity distribution from both sides of the nebula. 
Furthermore, it is affected by the inherent observational errors. Differen- 
tiation of this necessarily inexact observational function leads to yet larger 


i 
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errors in the derived function; hence the computed E{r) has much less 
accuracy than even the initial I(x). Hence, a fairly large “range of solution” 
must exist in any E(r) derived from equation (29). 

In their treatment of a mathematically similar problem, the distribution 
of the true rotational velocities of the stars, Chandrasekhar and Munch' 27) 
suggested that one assumes for E(r) a plausible analytic function with 
adjustable parameters. The parameters are then found from the moments 
of the initial function I(x). For shell nebulae, one might assume a function 
of the form 

E(r)=Ar a e~ br , . . . (30) 

and evaluate the constants A, a, and b from the moments. In practice the 
representation of the IC 418 data by a formula of the type (30) was un- 
satisfactory. The sharp cut-off at the outer edge of the shell would have 
required additional terms. It appeared to be better to follow the method 
suggested by A. Wallenquist for the determination of the radial distribu- 
tion of stars in a spherical cluster from star counts made in concentric 
rings around the centre.' 28 ’ We imagine that the nebula is composed of 
n concentric shells, each of constant luminosity E(r)l cm. 3 or density 
of emission d u d 2 . . . d n and suitably chosen outer radii r u r 2 , r 3 , . . . r„. 
The observed intensities, 7(x0, I(x 2 ) . . ., etc., measured at preassigned 
points in the nebula, x u x 2 , x 3 . . . may be expressed in terms of d u d 2 , 
d 3 . . . d n by equations of the form 

7(^l)— ^11^1+ Ol 2^2 + - • - \ ci\nd„, 

I(x 2 )—a 22 d 2 -\-a 23 d 3 -{-. . .-{-a 2 nd n , 

where the cC s are determined by purely geometrical considerations. The 
equations (31) are solved readily for the d’s in terms of the /’ s, viz. 

d 1 =b ll I(X 1 ) + b 12 I(X 2 ) + . . ,-\-binI{x n ), 
d 2 z =b 22 I(x 2 )-\- • • • -\-b 2n I(x n ), etc., 

where the numerical coefficients b n . . . b„„ which are derived from the a's 
have been tabulated by Wallenquist. Some of the b’s are positive, some 
are negative, so that for a given dj some of the I(x)'s enter in a positive 
and some enter in a negative way. Thus, in the calculation of E(r) by the 
Wallenquist method, a histogram for E{r) is obtained from an adopted I(x) 
curve. As in other methods, the uncertainties in I(x) are enhanced in the 
computed £(r)values. A necessary, but not sufficient, condition that must 
be fulfilled is that the derived E{r) functions when substituted in equation 
(28) reproduce the observed I(x) to within the uncertainties of the observa- 
tions. The E(r) values are usually expressed on a relative scale. 

Wilson and the writer adopted Berman’s distance estimate of IC 418,‘ 29) 
and took the relative intensities of the nebular lines from previous 
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published investigations.' 30 ’ The electron density could be fixed from the 
surface brightness in the Balmer continuum and the assumed size of the 
nebula. Unfortunately, the then available measurements of the surface 
brightness were poor. The radius of the central star was taken as three times 
that of the sun, and its temperature was adopted as 30,000° K. Finally, 
rough estimates of the target areas for collisional excitation permitted the 
E{r) values to be converted to densities of individual ions. 

Subsequently, direct photographs taken by Minkowski with the 200-in. 
and coude spectrograms of the Ha and [ATI] images with a camera of 
longer focal length have permitted an improved determination of the 
intensity distribution across the images and more reliable E(r) functions. 
Fig. 14 (a-d) summarizes the results for Ha and [MI], The E(r) values 
for the major and minor axis naturally do not agree at the centre, because 
of the asymmetry of the nebular ring which is brighter along the minor 
axis than it is along the major axis (cf. Fig. 13). The photometric measures, 
corrected as far as possible for the i nfl uence of the central star and for the 
blurring effects of poor guiding and scintillation, confirm the hollow shell 
appearance of the [MI] lines and [Oil], but they do suggest that the 
emission per unit volume of the radiations of [OIII], [Mill], and also H 
have a small increase towards the centre of the nebulae. 

Although the Stromgren theory permits the radius of the shell to be 
accounted for with plausible values of N„ T c , and radius and temperature 
of the central star, we must emphasize that the determination of N, is 
independent of any assumption concerning the completeness of the absorp- 
tion of quanta in the Lyman continuum. The edge of the nebula does not 
appear to be as sharp as the Stromgren theory would demand, although 
inhomogeneities in the shell might “soften” the edge. The luminous body 
of IC 418 may be a Stromgren sphere, but we have no proof that it is ! 

Nevertheless, it is of interest to apply the ionization theory to other 
elements, e.g. oxygen and nitrogen. The ionized nitrogen is concentrated 
in the outer shell, and we suppose that it is ionized to Mil in the inner 
regions. Let us adopt the distribution of hydrogen from the E(r) function 
for Ha with T t =20,000° K., assume the ratio of HjN to be 6000 and 
suppose this ratio to be constant throughout the nebula. The relevant 
equations for the Stromgren theory are then 


*=m7r l s * 30Sxi0 '^ 

1— x Ns 2 1 dy 

= — f- =-x,y=e 

x C x y dz 


(33) 


Ci is defined for ionized nitrogen by an equation analagous to (1 1) while 
at s= 0, x=\ = —dyjdz. With the previously adopted N t , the integrations 




(a), (b) The intensity distribution I{x) and the emission per unit volume E{r) along the 
major axis in Ha and [ATI]. Smooth curves are drawn through the histograms. In the 
I(x) curve for [ATI] the dashed and dot-dash curves show the results for opposite sides 
of the nebula. In the absence of spherical symmetry the results can be taken as of only 

qualitative significance. 


Fig. VII : 14. The 
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(c) IC418 Minor Axis Hoc (d) IC418 Minor Axis [NH] 



centre of the nebula in Ha. 



(e) The emission function E(r) for [Nil] (solid curve) is compared with the predicted 
concentration of N + ions along the major axis (dotted curve). It is assumed that the 
N/H ratio is constant throughout the nebula. 

(/) The emission E{r) for [OIII] (solid curve) is compared with the predicted concentra- 
tion of O + + ions along the minor axis (dotted curves). The data of (/) are derived from 
a direct photograph by Minkowski; no information is available for the inner parts 

of the shell. 


Structure of 1C 418. 
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are carried out in the usual way. Here a n — 6-5 x 10~ 18 and 7=29-49 e.v. 
The results of the calculation confirm our expectations that nitrogen is 
doubly ionized in the inner shell, and the predicted shape of the N + 
distribution agrees with the [AH] emission function to within the error of 
observations (see Fig. 14 (e)). 

In the radiation of [OIII] the outer ring is visible at the extremities of 
the minor axis, but along the major axis the intensity simply declines 
monotonically (see Fig. 13). Similar calculations suggest that along the 
major axis the concentration of 0 ++ may decline until in the region of the 
outer ring most of the oxygen exists as 0 + . Along the minor axis 0 ++ 
prevails through the outer shell (see Fig. 14 (/)). 

Application of these considerations to 511 shows that sulphur is doubly 
ionized throughout most of the nebula. A small amount of 511 appears in 
the region of the outer ring. 

These calculations must be regarded as of an essentially qualitative 
nature because the influence of the energy distribution in the ultra-violet 
spectrum of the central star, the transfer problem in the radiation, and 
the mutual influences of the various continua are all neglected. Neverthe- 
less, they do suggest that the elements are well mixed and that an under- 
standing of the nebular images in terms of ionization stratification is 
possible for at least some of the most symmetrical nebulae. 

Perhaps the most symmetrical planetary known is II 3568. This nebula 
cannot be observed with the 100-in. coude, and our data consist of tracings 
of direct photographs taken by Minkowski with filters to isolate the [OIII] 
and the Ha radiations. Fig. 15 shows the intensity distribution across the 
nebula in the Ha and [OIII] images and the corresponding emission per 
unit volume. The emission near the central star cannot be determined very 
well because the stellar image is over-exposed. Hence the intensity distri- 
bution in only the outer part of the nebula can be measured reliably. 
II 3568 appears to consist of two concentric shells: an inner shell of 
relatively high density and an outer thin shell. Oxygen is almost com- 
pletely doubly ionized in this nebula, the [Oil] image is very weak, even 
in the outer shell! For the same reason the nitrogen does not exist in 
observable quantities as N + ; M. L. White did not find the [All] lines in this 
object. 01 ’ 

Attempts to analyse nebular structure in terms of spherically symmetric 
models often run into severe difficulties. If such an assumption is made for 
many ring-shaped nebulae, regions of negative emission (absorption) are 
required to obtain a formal solution. Since this situation is physically 
impossible, the hypothesis of spherical symmetry must be abandoned. 

Fortunately, assistance comes from another type of observation. If the 
spectrum is photographed with Wilson’s multi-slit, a record of the radial 
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velocities in a series of parallel strips across the nebular image may be 
obtained (see Chapter II). In objects such as NGC 7662 the spectral lines 
are split in the inner region of the image and the approaching and receding 



Fig. VII: 15. Distribution of the Ha and [O III] Radiations 
in 1C 3568 . 

(a) I(x) for Ha. ( b ) E(r) for Ha. 

(c) I(x) for [OIII]. {d) E(r) for [OIII]. 

The scale of the ordinates of the figures can be established 
when the surface brightness and distance of this planetary are 
known. The nebula possesses a bright inner shell and a much 
fainter outer one. (Traced from a plate secured by R. Min- 
kowski with the 200-in. reflector.) 

components are often clearly separated. Since the nebular shell is expand- 
ing, the red component is to be attributed to the far side of the shell, the 
violet component to the near side of the shell. Measurement of the separa- 
tion of the components gives the rate of expansion of the shell, measurement 
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of the relative intensities of the components gives the relative emissions in 
the two sides of the shells. From a judicious combination of the isophotic 
contours and the radial velocity data, three-dimensional models of some 
planetaries may be constructed. 

The results for NGC 7662 show that the bright inner ring (as well as the 
fainter outer one) has a variable thickness in the line of sight as well as 
perpendicular thereto. The smooth-shell approximation is extremely poor. 

As a consequence of internal motion, the slitless images of some nebulae 
are to some degree blurred and distorted. A detailed comparison of the 
isophotic contours for the [0111] images of NGC 7662 derived from both 
direct photographs and slitless spectrograms show that for this nebula, in 
which internal velocities of moderate magnitudes are observed, the effect 
is not pronounced. As previously mentioned, the effects might be large in 
NGC 2392, which has the largest internal motions of any planetary. 

5. The Internal Motions in the Planetary Nebulae 

At best, analyses of isophotic contours of monochromatic images of 
planetary nebulae can give us a rough idea of the distribution of the 
radiating gases. They tell us nothing about the kinematics of the nebular 
material. Is the nebula expanding, contracting, or rotating; are the gases 
in equilibrium or are they moving in turbulent currents? 

The first thorough observational study of the internal motions of 
planetary nebulae was that undertaken by Campbell and Moore, who 
observed all the large and bright planetaries accessible to northern 
workers. (32) From a study of forty-three planetaries with the highest 
dispersions available to them, they found twenty-three objects which 
showed evidence of relative velocities, seventeen of which showed no such 
evidence and three for which evidence was suspected. Of the twenty-three 
showing internal motions, twenty-one were elliptical or elongated and only 
two were smaller than 5" in diameter. In nineteen of the twenty-three 
planetaries showing evidence of relative motion of one part of the nebula 
with respect to another, the observed motions could be interpreted as due 
to a rotation of the nebula about an axis coinciding with the shorter axis 
of figure. In four nebulae, particularly NGC 2392, Campbell and Moore 
remarked that the forms and inclinations of the lines do not admit a simple 
rotational interpretation. 

Apparently Campbell and Moore did not consider the expansion hypo- 
thesis very seriously at this time, although they were well aware of certain 
of the difficulties of the rotational hypothesis. 

The observations of Campbell and Moore showed that in many nebulae 
the lines were not monochromatic but were broadened, split, distorted, or 
twisted in appearance. The shapes of the lines are well illustrated in 
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Moore’s drawings made to show the appearance of the lines on the Lick 
spectrograms. In view of the widespread occurrence of broadened and 
doubled lines in many nebulae, it is difficult to see how a rotational hypo- 
thesis could be entertained. A rotating shell of gas would present tilted 
lines on a spectrogram, and there would be no preferential broadening and 
splitting near the centre of the image. In NGC 7662 the Hell 24686 line 
was later observed to be a mirror image of the [OIII] lines. On the 
rotational hypothesis this result would imply opposite rotations for the 
[OIII] and Hell shells! 

Subsequently, Perrine ,33) suggested that the doubling and distortion of 
the spectral lines was to be attributed to an expansion of the nebular shell, 
but the most convincing arguments in favour of the expansion hypothesis 
were those given by Zanstra. (34) He pointed out that the dark central 
portions of the nebulium lines could not possibly arise from self-reversal 
as these are forbidden lines for which the transition probabilities are very 
low. On the other hand, the Balmer lines cannot show self-reversal because 
the population of the second level is very low. 

The observed doublings and line shapes observed by Campbell and 
Moore are easily explained by an expansion hypothesis. Irregularities in 
the line forms are to be expected if different amounts of material were 
initially ejected in different directions. Furthermore, the expansion of a 
non-uniform shell can give the illusion of a rotational type of motion. 
The plausibility of the expansion hypothesis is further strengthened by a 
comparison of the expansion velocities with the velocity of escape. Using 
the expansion velocities estimated from the data of Campbell and Moore, 
and estimates of distance based on his own studies, Zanstra found the 
velocity of expansion to be much greater than the velocity of escape, even 
if we suppose the planetary nuclei to have masses as great as 100 times 
that of the sun. 

The observations of Campbell and Moore thus indicated that the nebular 
shells were not in equilibrium but were slowly expanding. The interpreta- 
tion of doubled, broadened, and distorted spectral lines in terms of an 
expanding shell leads to a consistent picture, whereas the rotational hypo- 
thesis encounters a number of severe difficulties. The expansion of the 
nebular shell is non-uniform, the irregularities, distortion, and mottling 
of the spectral lines all indicating large-scale motions which we usually 
associate with the term turbulence. These velocity irregularities appeared 
to be correlated with the appearance of the nebulae in the sense that those 
objects that appeared simple on direct photographs tended to have narrow, 
relatively unbroadened lines, whereas those that had a complex structure 
(e.g. NGC 2392) showed marked effects of turbulence. 

The detection of internal motions in planetaries from a comparison of 
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direct photographs separated by many years eventually might be possible 
for a few planetaries, particularly NGC 2392. Such studies have been 
carried out for the Crab nebula, which is not a planetary but an ex-super- 
nova. <35) Koslov tried to measure the internal motions in NGC 6543 from 
plates taken at the Moscow Observatory in 1904 and 1931, but his results 
appear to be inconclusive. <36) It is probable that many years will elapse 
before an actual expansion will be found in any of these objects. 

The studies of Campbell and Moore were limited to the green nebular 
lines and Hji. Comparison of expansion velocities of different lines can be 
undertaken best with a reflector. Olin C. Wilson used the coude spectro- 
graph at the 100-in. reflector, and made a systematic study of the brighter 
nebulae accessible with this telescope. 07 ’ His first observations were made 
before the image rotator was available. More recently, by the introduction 
of the image rotator and the multi-slit, he has been able to preserve not 
only the fine structural details but is also able to observe several sections 
of the nebula simultaneously. 

A concise summary of many of Wilson’s results are given in Table 
VII : 2, which is reproduced from his paper. The first column gives the NGC 
or Index Catalogue designation. The nebulae are grouped according to 
the degree of excitation: H (high), M (medium), and L (low). The third 
column gives a rough description of the nebula as observed with slitless 
spectrograms. R denotes a ring nebula, DR a double ring, Irreg. an 
irregular structure. The fourth column gives the intensity ratio of the 
violet to the red component of the doubled lines. Notice that the number 
of nebulae with V/R greater than 1 is the same as the number with this 
ratio less than 1 . The actual value of the ratio depends on the non-uniform 
distribution of the material. The fifth to the seventeenth columns sum- 
marize the separations A V of the line components of the different atoms 
and ions which are listed in order of the ionization potential of the next 
lower stage of ionization. For example, [Oil] is listed with 13-6 e.v., which 
is the ionization potential of 01. Opposite each A V entry is given in 
parenthesis the total number of measures used in forming the value. 

Notice that in many nebulae the A V values show large variations from 
one ion to another. A unique A V therefore cannot be assigned to each 
nebula. It is to be noted that the AV ’ s for H, [OIII], and [iVelll] are 
usually in good agreement so Wilson enters the mean A V for these atoms 
in the eighteenth column. The last column gives the mean deviation for all 
lines measured on more than one plate as a rough indication of the accuracy 
attained. 

The most surprising result of Wilson’s investigation is the variations in 
the A F’s for the different ions. In a simple expanding shell all ions should 
yield the same A V, but the observations show that [AteV] invariably yields 
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t Red components stronger at one end of line; violet components stronger at other end. 
(Courtesy O. C. Wilson, Ap. /., Ill, 279 (1950).) 
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low values of A V, whereas high values are found from the low excitation 
radiations of [Oil], [ATI], or [SII]. 

The general rule is given by Wilson as follows : (37) 

“Where differences in component separation exist in the spectrum of a 
planetary nebula, the high-excitation particles show smaller separations, 
and the low-excitation particles higher separations, than [OIII] and 
[iVelll]. To this rule there is one universal exception, Hydrogen, which 
requires less excitation than either [Oil] or [ATI], always agrees closely in 
separation with the much more highly excited ions [OIII] and [Afelll].” 

In some nebulae with ~AV values ranging from 37 to 107 km./sec., the 
[AfeV] lines are narrow, indicating a. A V of less than 10 km./sec. The 
[ATeV] image is always smaller than the H, [Atelll], or [OIII] image. No 
quantitative relation between differences in AV and differences in image 
size for the various ions appears. In fact, for NGC 2392 very large 
differences in A V correspond to very small differences in the sizes of the 
monochromatic images. The opposite appears to be true for NGC 7662, 
where the He II and [iV-eV] radiations are strictly confined to the inner ring. 

The low excitation nebula IC 418 is of special interest. Wilson observed 
it with higher dispersions at Mt. Wilson and Palomar and found the 
following correlation between ionization potential and component 
separation. (38) 
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On the high dispersion spectrograms the [OIII] lines remain sharp, but 
the H lines have a diffuse appearance. Probably they would appear double, 
were it not for the widening of the components. Wilson concludes that the 
[01], [Oil], and [OIII] radiations are rather completely separated, with 
very little overlapping. The analysis of the slitless data, discussed in 
Section 4, do not indicate a sharp demarcation between the [OIII] and 
[Oil] radiations, and the Stromgren theory leads to results that are in at 
least qualitative agreement with the slitless data. Nevertheless the bulk of 
the [Oil] and the [OIII] radiation comes from quite different quarters of 
the nebula. 

Wilson calls attention to the close conformity of IC 418 to the spatio- 
kinematical structure principle exhibited by high excitation ring nebulae. 
In the high excitation objects the slitless images and expansion velocities 
of H, [OIII], and [AfeUI] are closely similar, whereas in IC 418 the [OIII] 
and [Weill] radiations occur in the innermost part of the nebula, and the 
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principal H emission is in the outer shell. Thus in IC 418, [OII1], and 
[JVelll] play the same role as [MeV] does in the high excitation object. At 
corresponding points in the nebular structure the level of ionization is 
much lower in IC 418 than in other objects. 

The Ring nebula in Lyra, NGC 6720, shows the same type of internal 
motions as are found in other ring objects — the concept of a cylinder does 
not appear appropriate. 

An ingenious comparison of slitless spectrograms of NGC 2392 secured 
with the 100-in. coude and direct photographs of the same object obtained 
with the 200-in. was made by Wilson and Minkowski. The relative posi- 
tions of knots and filaments on the slitless spectrogram are affected by 
their radial velocities; whereas no Doppler shifts occur on the direct 
photograph. These measures show that the knots and condensations in 
the outer ring are moving towards the observer on one side of the nebula 
— away from him on the other ! 

The observations of Olin Wilson that the ions of highest excitation in a 
nebula, such as NeV in NGC 7662, show a smaller expansion velocity 
than do ions of low excitation, e.g. iVelll or Dili in the same nebula, 
require one of two possible explanations. Either the different ions 
(although in roughly the same regions in the nebula) are drifting with 
respect to one another — or the velocity of a given ion gives the mass 
motion of the material in the region where the radiations of a given 
ionization stage predominate. That is, the [MeV] velocity is simply the 
velocity of material in the zone where [AeV] rather than [JVelll] radiations 
are produced. 

Let us examine these alternatives in turn. In the first picture an actual 
differential drift of the different ions is imagined to occur — as a conse- 
quence of forces acting in one type of ion and differently or not at all 
upon another. 

This situation is similar to the problem studied by McCrea for the solar 
prominences.' 39 ’ It is a well-known fact that gases of all different types 
remain thoroughly mixed in a solar prominence, even in spite of the fact 
that radiation forces, etc., must act selectively upon them. Evidently all 
gases tend to be dragged along together. 

In the present context let us imagine a gas of two components, e.g. 
hydrogen and argon — the latter being several times ionized. We suppose 
that the hydrogen atoms are picking up momentum from the net outward 
flux of quanta. They tend to be accelerated away from the argon ions so 
that a net separation of elements would tend to occur. Collisions, how- 
ever, tend to transfer momentum from the hydrogen to the argon atoms, 
and ultimately a steady state is set up in which the hydrogen and argon 
atoms drift apart at a steady rate. Clearly the rate of separation is going 
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to depend on the rate at which momentum is picked up by the hydrogen 
atoms and the rate at which it is transferred to the argon atoms. 

Let the force acting upon a hydrogen atom be 


fi—nhau • • • • (34) 


where a x is the acceleration produced by the radiation pressure. For 
simplicity we assume that the argon ions are not absorbing radiation from 
the outgoing flux of the central star. McCrea’s analysis shows that if the 
velocity of separation, U, is smaller than the thermal velocity, it will be 
given by 


U= 


a\ 



2nkT 

m l m 2 (mi+m 2 ) 


(35) 


where q is the density of the gas, a is the collision radius, and m x and m 2 
are the masses of the two interacting particles. In our present illustration 
we suppose that hydrogen is much more abundant than argon so that 
q=Njtih. For a one should use the coulombic encounter cross-section. 
We can get an upper limit to the value of U by adopting a— 2 x 10~ 8 as 
the encounter radius. Also mi =mu and w 2 =40wh. Making the necessary 
substitutions, we find 


4*5xlO-«JV. 

x40x(41mff) 


u = 


2N ( m H cr 2 I 


^ mH 2 


for 7’ e =10,000°K. The acceleration due to radiation pressure is given by 


ma i = - 


n 


a„Fvdv, 


(37) 


where a,, is the absorption coefficient and nF, is the flux from the central 
star. Putting in numerical values, 


where oq— 6-3 x 10~ 18 , nF, 


a ' =ao (v°) ’ 

2nhv* / r\ 2 h „ kT 

c* \r) 6 


»' 1 =3-29 x 10 15 (frequency 


of Lyman limit), T, the temperature of the star in the ultra-violet, is 
30,000° K, R—3Rq), and r~l-5 x 10 17 cm., we find ai~10 -3 cm./sec. The 
gravitational acceleration produced by a central star of mass M 0 (M® = 1) is 
0-6 x 10 -8 M 0 . Thus the gravitational attraction can be neglected entirely. 
If N e is 5 x 10 3 , we find I7~0-5 km./sec. This velocity of separation applies 
only in the region where H is predominantly neutral and the collision 
radius is as low as the value given by the gas kinetic theory. Actually a 
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is much larger and U is correspondingly smaller as the coulombic collision 
radius is greater than 10 -7 cm. Hence no separation can occur unless the 
argon ions can acquire considerable momentum in the opposite direction 
to that in which hydrogen is moving. Ions such as [VeV], [/I IV], etc., 
characteristic of the high excitation shell, have no resonance lines capable 
of absorbing Lyman line radiation. Hence no selective radiation pressure 
of hydrogen can act on them. The velocities of these ions are determined 
by the local velocity of the material at the zone in which they radiate. 

Among the possible models considered by Olin Wilson was a thick shell 
in which the innermost observable zone was that of [JVeV]. Within the 
[AeV] zone he supposed that zones of more highly excited ions such 
as MgY, NeV I, etc., might exist. These ions do not produce observable 
forbidden lines, and Wilson supposed that the electron temperature was 
so high in this region that the recombination lines of hydrogen and helium 
did not occur. The material in the [WeV] zone moves slowly outwards; its 
velocity is of the order of 5 km. /sec. or less, and since very few H, Hel, or 
He II atoms are in the ground-level, few photo-ionizations can occur and 
the material acquires very little outward momentum. Towards the outer 
end of the [WeV] zone the gas presumably is cooler and Hell lines are 
produced as recombination sets in. Thus the bright ring of Hell is 
produced; once He II is formed it can block all the outgoing radiation 
below 2228 and pick up the corresponding momentum. The depletion of 
high frequency radiation permits the formation of OIII and TVelll ions, 
the temperature falls yet further, and recombination of hydrogen sets in. 
If the nebular shell is optically thick, hydrogen becomes neutral before the 
boundary is reached, and the momentum of the entire ultra-violet radiation 
is transferred to the nebular gases. 

Wilson concluded that the actual amount of momentum absorbed in 
the nebular shell was comparable with that carried by the radiation 
emitted by the central star. The total number of quanta emitted per 
second by the central star of radius R and temperature T in the frequency 
interval v to v-\-dv is 


Sn 2 R 2 k 3 
cW ' 


T ’3 


e x —l 


Ax, 


(38) 


where x=hvjkT. Since each quantum carries a momentum hv\c the total 
amount of momentum carried by the stellar radiation beyond the Lyman 
limit is 


8 nJRW 
c*h 2 


X* 


e x -l 


dx. 




(39) 


If the radius of the central star is equal to that of the sun while its tempera- 
ture is 100,000° K., the momentum beyond the He II Lyman limit 2228 will 
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be F(He II) =14 x 10 26 gm. cm./sec. 2 , whereas for frequencies between 2228 
and 2912 the momentum will be F(H)=9- OxlO 26 gm. cm. /sec. 2 . In this 
model it is supposed that within the shell, the total number of particles 
flowing across any spherical surface concentric with the illuminating star 
will be a constant. If r t is the radius of one surface at which the outward 
gas velocity is V\, the total number of particles crossing the surface per 
second will be 4jir 1 2 A r 1 V\ =4nr 2 2 N 2 V 2 where r 2 , N 2 , and V 2 , pertain to a 
second surface. Since each particle carries a momentum mV x at the inner 
surface and mV 2 at the outer surface, the momentum increment acquired 
by the gas will be 

AF=4nm(n 2 r 2 2 V 2 2 -n l r l 2 V t 2 ) ~ 4nr 2 n 2 m V 2 (V 2 - V x ), (40) 

since r x is nearly the same as r 2 so that n 1 V l =n 2 V 2 . If V 2 and V 2 —V x 
are of the order of 10 km./sec., r=10 17 cm., N 2 = 10 3 /cm. 3 , and m=m H 
=1-7 x 10 -24 gm., we obtain AF=2 x 10 26 gm. cm./sec. 2 , which is in fair 
agreement with the other calculation and indicates that the proposed model 
is a plausible one. Detailed examination shows that this model encounters 
a number of difficulties. The electron temperature is too low to account for 
a suppression of the emission of H and He II in the inner zones. If the 
electron temperature were so very much higher in the inner zones than in 
the outer, a pronounced difference in the continuous spectra would be 
observed. 

Another possibility is that the planetaries may be regarded as hollow 
shells. The slowly expanding shell increases gradually in size; the material 
on the inner surface is pushed backwards towards the star; that on the 
outer edge is pushed yet more rapidly outwards. 

To understand how such a situation might come about we must briefly 
examine the effects of radiation pressure within the nebular shell. We 
recall that the essential feature of the Zanstra-Menzel picture of the passage 
of starlight through a gaseous nebula was the degradation of all quanta of 
the Lyman continuum into quanta of Lyman a and the Balmer lines 
plus other subordinate quanta. That is, if p is the probability that an 
electron will be captured on the ground-level, 1 —p is the probability that 
it will be captured on some other level and subsequently cascade to the 
ground-level. In so doing, the atom is bound to emit two or more quanta 
which eventually (if they are not already fully broken down) will give rise 
to a Balmer quantum and a Lyman a quantum. This process of degra- 
dation of the “(1— p)" quanta may not take place in the same volume 
element of the nebula, but may require several absorptions and re- 
emissions. In a first approach to this problem Ambarzumian made 
the simplifying assumption that a quantum of the Lyman continuum 
upon absorption by an atom has the probability p of being reradiated 
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as an ultra-violet quantum and a probability (1 —p) of being 
immediately degraded into a quantum of Lyman a in the same volume 
element/ 401 He found that in a nebula of optical thickness 2 at the 
Lyman series limit, the mean density of the Lyman a radiation would 
be about 10 9 times larger than the density of the direct Lya radiation. 
In the outer part of a static nebula the radiation pressure would build 
up to very high values — enormously in excess of the gravity of the 
central star. 

Under these circumstances the nebular shell would be simply torn 
asunder. Actually, as was pointed out by Zanstra, (41) the very process of 
expansion would reduce this radiation pressure and protect the nebula 
from catastrophic destruction. Zanstra’s original treatment was schematic 
and the problem was handled more rigorously by Chandrasekhar,' 421 who 
found that if the velocity difference between the inner and outer boundary 
of the nebular shell was about 3-5 times the velocity width of the undis- 
placed lines the pressure of the Lyman line radiation would be reduced by 
a factor of 10 4 and would cease to be important through most of the shell. 
Under certain conditions it might become comparable with that of L c 
except near the inner and outer boundaries. 

More recently Zanstra' 431 has considered again the problem of the radia- 
tion pressure of Lya in a stationary nebula, but one in which scattering 
occurs with a redistribution of frequency over the line profile, such that 
the scattering atoms set up a continuous interchange of energy between 
each element of frequency Av covered by the line. The line profile is that 
given by the Doppler theory. He showed that the radiation pressure in 
a stationary nebula with scattering redistribution of energy is hundreds of 
times smaller than in a nebula with strictly coherent scattering. The 
expansion of the nebula would further lessen the radiation pressure, but 
an exact evaluation of the amount would require an extension of Zanstra’s 
treatment to an expanding shell. 

We may illustrate how thermal Doppler effect acts to produce non- 
coherent scattering with the aid of Fig. 16 due to Zanstra. Suppose that 
atoms at Oi emit Lya quanta of frequency v 1 in the X-direction. This 
radiation is assumed to be scattered by hydrogen atoms at point o, all of 
which have the same x-velocity v Xi such that 


v 


Vj—V 0 

n> 


c. 


(41) 


where v 0 denotes the frequency at the centre of the line. These atoms, 
however, have a Maxwellian distribution of velocity in the T-direction so 
that quanta emitted in this direction are distributed in frequency over the 
Doppler profile. Likewise, if the radiation is scattered at an angle ip with 
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respect to the Z-direction, the component of the thermal velocity in this 
direction will be 

v=v x cos ip+Vy sin y. . . (42) 

If 60°, for example, »=0-5®^+0-886^ so that the quanta will be 
distributed in frequency according to a Doppler profile with a half-width 
0-886©z>, but with the line centre displaced by an amount 0-5(vj — »> 0 ) from 
the undisplaced frequency v 0 . Thus it is clear that in a large majority of 
scattering processes a considerable redistribution of the frequency takes 
place. Zanstra adopts as an approximation that each scattering is accom- 
panied by complete redistribution given by the thermal Doppler profile. 



Fig. VII : 16. Scattering with Thermal Doppler Effect . 
The insert la depicts the thermal profile of the line. 

(Courtesy H. Zanstra, Bull. Astron. Inst. Netherlands , 11, 4 (1949).) 


Zanstra’s formulation of the problem leads to an integral equation 
connecting the rate at which the radiation in the Lyman continuum is 
converted into Lyman a with the total emission per unit volume. The 
equation turns out to be difficult to solve, and Zanstra obtained an approxi- 
mate answer by essentially a trial-and-error process. The results show that 
by taking the redistribution of energy with frequency into account, the 
radiation pressure in the static nebula is reduced by a factor of 300 as 
compared with the result obtained from the theory of strict coherent 
scattering ! The physical reason for this result may be explained as follows. 
A nebula whose optical thickness at the Lyman limit is unity and whose 
electron temperature is about 9000° K. has an optical thickness of about 
10 4 at the centre of the Lya profile. Well inside the nebula a Lya quantum 
emitted at the centre of the line would have a chance of exp (—10,000) of 
escaping, which means it would never get out were the scattering strictly 
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Fig. VII : 17. Internal Motion in the Planetary Nebulae NGC 7027 and 

NGC 7662 . 

(7b/)) Multi-slit images of NGC 7027. The small white square is a fudicial 
mark to enable the observer to relate all positions in the nebula to the 
same coordinate system. Notice the doubling and complex character of 
the lines* The lower row shows the ordinary slitless images secured with 
the coude. In this planetary all images have about the same internal 
intensity distribution. 

{Bottom) The 73869 [AVI 1 1] image in NGC 7662 (compare Fig, II) as 
observed at Palomar. The separation between slits is chosen to be larger 
near the centre of the image where the line splitting is greater. Compare 
with Fig. II : 13. (Observations by Olin C. Wilson* Ml. Wilson and 
Pa I o m a r Q bser vato ties . ) 
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coherent. Since the scattering is non-coherent, as it is governed by the 
Doppler profile, there is a chance of about 2 x 10 -5 it might be re-emitted 
in the wing of the profile where the optical depth is 1 or less, so that it 
might escape. Because a given quantum is repeatedly scattered it finally 
escapes in the wing. 

Further discussions of the intensity and radiation pressure in Lyman a 
in planetary nebulae have been given by Shotaro Miyamoto, <44) T. 
Saigusa, <45) and by Wasaburo Unno. <46) Unno deduced the exact form of 
the equation of transfer, taking into account the frequency redistribution 
in the line profile. He found that the radiation pressure in Lyman a was 
reduced via the Zanstra effect to about 3 x 10 ~ 3 that of the older theory 
except at the extreme outer boundary. This result is in good agreement 
with Zanstra’s estimate except at the outer edge of the nebula, where the 
radiation can escape even at the line centre. 

All these calculations are idealized in that they refer to static nebulae 
and sometimes also include idealized profile shapes. Nevertheless, certain 
implications for expanding shells may be foreseen. In particular it seems 
likely that Chandrasekhar’s conclusion that the inner edge of the nebula 
is pushed back towards the star while the outer edge is accelerated outwards 
must hold. Thus in certain of the ring-shaped nebulae the low [MV] 
velocities may simply represent the velocities in the inner shell edge that 
is being pushed back towards the star. Olin Wilson favoured this mecha- 
nism for IC 418, which he believed to be a hollow shell in so far as the 
H, [OH], and [MI] radiations are concerned. As we saw, however, more 
recent work suggests that the H shells are not strictly hollow. In IC 418, 
[Mill] and [OIII] play the same roles as does [MV] in objects of higher 
excitation, i.e. they show the lowest velocities of expansion. 

Because of the hopelessly complicated geometry of the nebulae, exact 
calculations of the Lya radiation pressure are impossible in any practical 
model. Differential velocities between one part of the shell and another 
alone would suffice to enormously complicate the problem. The idealized 
and schematic computations do indicate the general trends of the behaviour 
of radiation pressure, and suggest mechanisms that may account for some 
of the observed phenomena. 
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CHAPTER VIII 


The Diffuse Gaseous Nebulae 

1. Introduction 

In this final chapter we shall discuss some of the characteristics of 
diffuse galactic nebulae in more detail. As we have emphasized 
previously, the diffuse nebulae represent really only denser regions 
of the interstellar medium. Hence much of the theory of the diffuse 
nebulae is essentially part of the theory of the interstellar medium, 
an excellent account of which is being prepared by Lyman Spitzer, Jr. 
Accordingly, although we shall pay particular attention to the gaseous 
diffuse objects, we shall mention some of the work on the Orion 
nebula, which contains great quantities of solid particles as well as 
of gas. 

Extensive studies of the diffuse galactic nebulae of low surface brightness 
have been carried out by Shajn and Hase at Simeis, by G. Courtes in 
Haute Provence (the programme was initiated by B. Stromgren and 
C. Fehrenbach in 1950), by Hugh Johnson, B. Stromgren, and W. W. 
Morgan at the McDonald Observatory in Texas, by R. Minkowski, 
S. Sharpless and others at Palomar, by K. Henize and by the Harvard 
Observatory in South Africa, and by C. S. Gum at Canberra, 
Australia. (1) 

The chief interest in the interstellar medium in general, and the diffuse 
nebulae in particular, lies in their association with the processes of star 
formation, a subject we have mentioned in Chapter III. The invariable 
association of stars of high luminosity in our own and other galaxies with 
the grains and gas of the spiral arms, the requirement of astrophysical 
theories of energy generation that the very luminous stars be younger than 
the age of the galaxy, and the direct evidence found by Blaauw and 
Morgan <2) for the common origins of groups of B stars all point to the 
desirability of investigations that will show how stars are actually formed 
from the interstellar medium. Stars of a great range of mass and luminosity 
appear to be formed continually from the grains and gas. The very lumi- 
nous ones are easy to identify; certain fainter objects perhaps appear in the 
course of their formation as T Tauri stars. Others would seem less easy 
to identify. 
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An account of theories of star formation lies outside the scope of our 
discussions. Spitzer <3> has proposed a plausible mechanism for star forma- 
tion from an inhomogeneous medium. On the other hand, Hoyle and 
Lyttleton (4) and more recently McCrea <5> have favoured the building-up 
of normal stars by a process of accretion until their masses are such as to 
permit them to shine as B or O stars. These theories are of a rather 
schematic nature. 

The work of W. W. Morgan and his associates at the Yerkes Observa- 
tory and of Ambarzumian, Shajn and Hase, and their associates in the 
Soviet Union strongly favour the hypothesis that groups of massive stars 
(O associations) and of stars more nearly similar to the sun (T associations) 
are formed directly from the interstellar medium. The colour-magnitude 
array for the galactic cluster NGC 2264 suggests that the process of star 
formation may actually be taking place before our eyes. Merle Walker 
finds that the luminous stars are already on the main sequence, 
whereas the cooler, fainter stars fall to the right of the main sequence. 
These stars may be in a state of Kelvin contraction, not yet shining 
by nuclear sources. A similar process of star formation may be going 
on in Orion, where massive as well as faint stars are being formed, 
and in Taurus, where only dwarf stars appear to be in the process of 
formation. 

Over periods of time equal to the age of the galaxy, the depletion of the 
interstellar medium by the process of star formation might be expected to 
be rather marked. On the other hand, novae, supernovae, planetary 
nebulae, P Cygni stars, Wolf-Rayet stars, rapidly revolving close binary 
systems, and even the corpuscular radiation from solar-type stars are 
constantly adding material to the interstellar medium. Estimates by 
Vorontsov-Velyaminov, L. Biermann, and Otto Struve suggest that 
between one and ten solar masses may be added to the interstellar medium 
each year. Since the added material presumably is enriched in heavier 
elements as a consequence of nuclear processes occurring within stars we 
might expect the mean composition of the interstellar medium to change 
gradually with the time. Probably, also, the interstellar medium is not 
“holding its own”, but is gradually being depleted in the process of star 
formation. 

The evolution of a dark cloud or a diffuse nebula into a star or cluster 
of stars will depend on the chance configuration of the stars in its neigh- 
bourhood, on the mass, density, temperature, and internal motions in the 
cloud, as well as on the ratio of solid grains to gas. Not only are the 
mean values of such parameters as temperature and density of im- 
portance, but the mean fluctuations of these quantities are also urgently 
wanted. 
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2. The Observable Parameters for the Diffuse Nebulae 

Let us recapitulate briefly some of the observations that can be made 
for diffuse nebulae. 

Usually the exciting stars can be easily identified and their spectral 
classes, temperatures, and absolute magnitudes established. If their colour 
excesses can be measured, the effect of galactic absorption can be evaluated 
and the distance of the nebula can be found. Angular distances in the 
nebula can be converted to distances in parsecs and the area and volume 
of the radiating material estimated. If the nebula is of the reflection type 
its colour, surface brightness, and polarization can be measured as a 
function of position angle and distance from the illuminating star. From 
an analysis of these data estimates of the albedos and sizes of the reflecting 
grains can be made. 

The difference between nebulae that owe their surface brightness 
primarily to the scattering and reflection of light by small particles and 
those that shine by fluorescence are well exhibited by direct photographs 
obtained with appropriate filters and emulsions. In Figs. 1 and 2 we 
compare photographs of NGC 7023, obtained by E. B. Weston, and of 
M20 (the Trifid nebula), obtained by A. Boggess. NGC 7023 shows a 
spectrum that is a faithful replica of its illuminating star with little, if 
any, indication of emission lines. The Trifid nebula has an emission 
spectrum and a weak continuum. A comparison of NGC 7023 photo- 
graphed in the region of Ha and in the nearby continuum shows no 
differences. On the other hand, photographs obtained with a blue- 
sensitive emulsion show considerable differences. The nebula is definitely 
blue. 

The Trifid nebula is very much brighter in Ha than in the nearby 
continuum. Curiously, the continuous and [0111] radiations extend 
over a much larger volume of space than does the /fa + [All] radiation. 
This behaviour is well illustrated in the corresponding isophotic 
contours. 

If the surface brightness in ergs/cm. 2 /sec. in each of these monochroma- 
tic radiations can be determined by comparison with an appropriate source 
of known intensity distribution, further progress can be made. If the 
dimensions of the radiating volumes can be estimated from their angular 
sizes and the distance of the nebula, and if the electron temperature can 
be found, the emission per unit volume can be evaluated. If the emission 
in the hydrogen lines comes from the recombination of protons and 
electrons, Menzel and Baker’s “case B' H6) will hold, and the density of 
ions and electrons may be computed at once. 

Furthermore, from the fluctuations in surface brightness it is possible 
to supplement estimates of the mean density q by estimates of (g— q) 2 . The 
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internal motions in extended nebulosities may also be measured. The 
expansion of the Network nebula across the line of sight is easily seen in 
the blink comparator on plates taken at the Mt. Wilson Observatory. In 
most gaseous nebulae the knots and filaments move with smaller speeds 
and are less well defined, so that radial velocities give us the most reliable 
picture of the internal motions. The radial velocities can be measured by 
a slit spectrograph or by the Fabry-Perot etalon technique. 

Finally, slit spectroscopic observations are desirable to separate the 
contributions of [ATI] and Ha, for example, and to get the general level of 
excitation in the nebula. It is well to reiterate at this point that slit spectro- 
graphic work on extended diffuse nebulae can be done much better with 
fast spectrographs on small telescopes than on larger telescopes. For faint 
extended nebulae, speed rather than a large scale is essential. Spectro- 
scopic observations give data on the kinematics as well as on the density 
fluctuations in the gas. 

The geometrical and physical relationship of the exciting star to the 
diffuse nebula is also an important parameter. Bright nebulae tend to 
include not just single early-type stars but whole associations. Sometimes 
there are vast clouds of dust and gas, but no early-type stars (as in Aquila); 
in other instances (as in Perseus) the centre of concentration of the hot 
stars does not coincide with that of the nebulosity. Shajn and Hase 
observed many instances of faint nebulae not associated with hot stars, 
and also that among the bright nebulae one in eight (e.g. NGC 7822) 
is not associated with a star of class W, O, BO, or Bl. They found 
only a feeble tendency of the association between stars and nebulae to 
increase with stars of higher temperature. In particular, the stars that 
one might expect to be shedding material most rapidly into the inter- 
stellar medium, Be stars and Wolf-Rayet stars, do not appear to be 
associated with nebulosities more closely than do ordinary O and B 
stars. . 

3. Physical Processes in Diffuse Nebula 

A diffuse nebula, such as the Orion nebula, differs from the gaseous 
nebulae we have discussed previously in two important respects: (a) in 
addition to the gas, small solid particles are usually also present; ( b ) the 
nebula is often optically very thick. 

The presence of the grains may exert a profound effect on the relation 
between the electron temperature and the energy distribution in the radia- 
tion field to which the atoms are subjected. Atoms and electrons may 
strike the cold grains and give up kinetic energy to the excitation of 
internal modes of vibration of the grain. The result is that in regions 
where grains are present in appreciable numbers the electron temperature 
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will be markedly lowered. Spitzer and Savedoff <7) have discussed this 
question in detail. 

The large optical thickness of the Orion nebula is manifested by the 
appearance of absorption lines of helium produced by the nebula and by 
the character of the energy distribution in the Balmer continuum. 

Some years ago, O. C. Wilson* 8) noticed that the narrow, sharp absorp- 
tion line A3 8 89 corresponding to the 2 3 S-2 3 P transition appeared in the 
spectra of the stars of the Trapezium in the Orion nebula. In 6'C Orionis 
he measured an equivalent width of 0-20 A. On the other hand, the A5016 
and A3965 lines corresponding to the 2 1 S'-3 1 P and 2 1 S-4 l P transitions did 
not appear. Both the 2 3 S and 2 1 S levels are metastable. From the known 
/ values of these lines he estimated the population of the 2 3 S level to be at 
least twenty-five times larger than that of the 2 1 S level. The theory of the 
excitation of the levels of He I by dilute temperature radiation was given 
by O. Struve and K. Wurm (9) and has recently been improved by 
P. Wellmann. <10, This theory predicts that for very small dilution factors 
the ratio N(2 3 S)IN(2 1 S) varies from 147 for an electron temperature of 
10,000° K. to 84 for an electron temperature as high as 25,000° K. m) 
Hence the non-appearance of the lines arising from the metastable 2 *S 
levels is not surprising. 

An even more striking effect of the large optical thickness of the Orion 
nebula is shown by the energy distribution in the Orion nebula beyond the 
Balmer limit. Ten years ago Barbier <12> found the colour temperature of 
this continuum to be in the neighbourhood of 11,000°K. Greenstein, <13) 
using higher dispersion, subsequently measured the energy distribution in 
the continuum with respect to that of 6'C Orionis, whose colour tempera- 
ture had been determined both photographically and photo-electrically. 
He found a colour temperature of 12,000° K. on both sides of the Balmer 
limit. If the energy distribution in the Balmer continuum is considered to 
arise from a pure recombination process, an electron temperature of 
65,000° K. is implied as one can readily verify from the equations in 
Chapter IY. From the relative intensities of the [0III] A4363 and Ni+N 2 
lines, and the Hebb-Menzel target areas, the writer had suggested an 
electron temperature of about 10,500°K. (14) The use of Seaton’s target 
area data will not change this estimate very much. Greenstein showed 
that the colouring action of the grains would tend only to increase the 
discordances. 

The clue to the answer lies in the metastability of the 2 2 S level of 
hydrogen mentioned in Chapter IV. Greenstein suggests that a sufficient 
number of hydrogen atoms accumulate in this level for absorptions from 
it to occur. If the nebula is considered to be a homogeneous, plane- 
parallel slab of thickness x 0 and at a constant electron temperature T ( , the 
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intensity L of the emergent radiation in unit frequency interval would 
be 

*x 0 

F v e~ Tv dx, 
o 


V-= 


where 


F v =A l N 1 NTr 3l2 e- hrlkT( 
is the emission per unit volume and solid angle 


( 1 ) 

( 2 ) 


Tp = J N x, 

where N 2 is the number of atoms in the second level, and 

a,=A 2 v~ 3 

is the continuous absorption coefficient. Then 

AiNN t v 3 e~ h '' lkT ' 


L = 


7V' 2 


[1-e-V] 


(3) 


(4) 


(5) 


A 2 N 2 

is the intensity of the emergent beam. If the optical thickness in the 
Balmer continuum 

T v °=N 2 A 2 v- i x 0 

is small 

Ip->C x e- hv,kT \ ... ( 6 ) 

and we have the same functional dependence of L on v as for the Balmer 
continuum in the planetaries. On the other hand, if t„° is large, 

I v ->C 2 v 3 e- hvlkT \ ... (7) 


which is the Wien approximation to the Planck law. That is, if the nebula 
is optically thick at a frequency v the dependence of /„ on v will resemble 
that of a black body at T t . Although strong self-absorption occurs in the 
Balmer continuum, there is no metastable Paschen level. Hence the 
continuous absorption coefficients should show a strong discontinuity at 
the Balmer limit, which Greenstein finds to amount to T6 magnitudes in 
the Orion nebula. The amount of this discontinuity is lower than might 
be expected, probably as a consequence of the superposition of starlight 
scattered by small particles. 

If the 2 2 S level is so well populated as to render the nebula optically 
thick in the Balmer continuum, an electron temperature of 1 2,000° K. can 
be reconciled with a colour temperature of 12,000° K. If this hypothesis 
is correct, the filamentary structure of the inner part of the nebula should 
be much less pronounced in the ultra-violet than in the blue. On the 
assumption that the Stromgren theory* 151 could be applied to the luminous 
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zone of the Orion nebula, Greenstein estimated the total number of neutral 
and ionized hydrogen atoms to be about 300/cm. 3 . On the assumption 
that the distance of the nebula was 1300 light-years he estimated the 
luminous portion to have a radius of about 1-5 light-years. The actual 
extent of the dark portion of the nebula must be very much greater, 
although its density probably falls off at large distances fromtheTrapezium. 

The entire Orion region is one of great complexity. In it are found 
several rich aggregates or associations of early-type stars. One is con- 
nected with the belt stars; several are found in the region of the sword. 


Table VIII : 1 

Gaseous Nebulae in the Large Magellanic Cloud 


Nr. 

Shape 

ergs/sec. /cm. 2 

N e 

Theor. 

Sp. Class 

Obs. 

Sp. Class 

186 c 

faint ring 

0-70 x 10-4 

1-6 

B2 

(B2) 

198 

faint ring 

1-24 

2*1 

B0 

0a 

9 

crescent 

106 

4*1 

B3 

0e5 

30 c 

crescent 

1-7 

5*7 

B1 

PCyg(Bl) 

200 

crescent 

0-49 

1*7 

B0 

0a 

44c 

bright knot 

12-3 

25*5 

l m 

0 

191 a 

bright knot 

21-0 

30*4 

B2 

(B2;) 

180 

irregular (knots) 

~110 

—18*0 

r<S 0 


206 

irregular 






(background) 

30 

3*0 




(knots) 

— 3*0 

~90 

r<s 0 



Max. meas. value 65 45 

Max. value (est.) ~600 ~200 


The best known of these associations is the one connected with 6 Orionis. 
The faint outer loop discovered by Barnard has an overall radius of 
curvature of about 50 parsecs and is not symmetrical with respect to the 
Orion nebula. The 21-cm. data (cf. p. 311) obtained at Harvard indicates 
a total mass of neutral hydrogen gas in the Orion region of the order of 
60,000 solar masses. 

The chaotic structures and great quantities of solid particles present in 
the diffuse nebulae make them even less tractable for theoretical work than 
the planetaries which at least appear to be purely gaseous throughout. 

The Stromgren theory has often been applied to the interpretation of 
diffuse nebulae in our galaxy, although the irregularities are frequently so 
great that a detailed quantitative treatment is not possible. 

A number of the diffuse nebulae in the Large Magellanic Cloud suggest 
Stromgren ionization zones in an extended cloud of neutral hydrogen. 
Table VIII : 1, prepared by Henize, Doherty, and the writer* 161 gives some 
of the salient data. The first column gives the number from Henize’s 
catalogue, the second a brief description of the appearance of the nebula, 
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and the third gives the surface brightness in Ha expressed in ergs/cm. 2 /sec. 
The electron density in numbers /cm. 3 as calculated from the surface 
brightness, and linear dimensions of the radiating filament, is given in the 
fourth column. From the radius of the ionized region (assuming it to be 
a Stromgren sphere) and the given electron density, one can estimate the 
spectral class required by the ionization theory. The spectral classes 
estimated in this way are entered under the column “ Theor . Sp. Class”. 
The observed spectral class is given in the last column. Notice that in a 
number of nebulosities the observed spectral class is earlier than the 
predicted one. In such instances the nebula may be smaller than the region 
capable of complete ionization. The radio observations by Kerr and 
Hindman* 17> in Australia (see Section 7) show that both Magellanic Clouds 
contain large quantities of neutral gas. They substantiate the interpreta- 
tion of certain emission nebulae as ionization zones in an extended 
medium as well as the order of magnitude of the densities obtained from 
the optical region studies. 

Table VIII : 2 

Data for Bright Diffuse Galactic Nebulae * 



Distance 

Total Luminosity 

A 


M 

parsecs 

Ha 

A5850 

Oil 

OIII 


Jy € 


NGC 6514 

1-4 

4-8 

0 0061 

3*8 

1*8 

4 

87 

120 

6523 

1-3 

500 

0012 

22*0 

17*0 

2 

90 

550 

6611 

2-3 

160 

0 0062 

3*6 

3*6 

7 1 

60 

800 

6618 

20 

260 

0*012 

— 

18*0 

13 

180 

1000 


The luminosity is given in units of 10 35 erg/sec. A gives the suggested reduction of intensity 
at Ha due to space absorption, i.e. A=S lm JS ohs . The distances in kiloparsecs for the first 
three nebulae are from Morgan, Whitford, and Code, Ap.J., 118 , 318 (1953) ; that of the fourth 
from Cederblad, Lund Medd 2, No. 119 (1946). 

* Albert Boggess III, Thesis, Univ., of Michigan (1954). 

Recently, Albert Boggess has made a detailed photometric study of the 
four bright galactic nebulae, NGC 6523 (M8), the Lagoon nebulae, 
NGC 6514 (M20), the Trifid nebula, NGC 6611 (M16), and NGC 6618 
(M17). Table VIII : 2 summarizes his results. The second column gives the 
distance in kiloparsecs. The third, sixth, fifth, and fourth columns give 
the total luminosity in the monochromatic radiations of Ha, the forbidden 
oxygen lines, and the continuum at 25850 as obtained from an integration 
over the isophotic contours. The space absorption correction factor A is 
determined by a comparison of radio-frequency and optical observations 
(see Section 7). The mean electron density is N € , while M is the estimated 
mass of the luminous region of each nebula in solar masses. These are 
much larger than the values estimated for the Orion nebula. 
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The Trifid nebula is a smooth, symmetrical body with a density that 
falls off steeply from the centre, although it does not fall to zero at the edge. 
M20 appears to be a “classical” Stromgren sphere illuminated by a central 
star of luminosity, 2-9 X 10 36 ergs/sec. The M8 nebula appears to comprise 
several density condensations grouped about a central one of high surface 
brightness. This is the largest object of the four and possesses very faint 
extensions that may represent radiation leakage from the main body of the 
nebula. NGC 6618 is probably heavily obscured so that its actual mass 
and luminosity may be even larger than Boggess estimated. NGC 6611 is 
also an amorphous body of low surface brightness that also may have a 
larger total mass than has been computed. 

On the other hand, Shajn and Hase have obtained electron densities 
for NGC 6523, 2237, and 6618 of 54, 28, and 110/cm. 3 , and masses of 
3200, 5800, and 260 solar masses from measures of the surface brightness 
of Ha. The discrepancy for NGC 6523 is striking, whereas that for 
NGC 6618 may be at least partially understood in terms of space absorp- 
tion. Yet larger masses have been derived by Shajn and Hase for emission 
nebulosities in the external galaxies M31, M33, M101, and NGC 6822. 
They find an electron density, N e — 100/cm. 3 , for NGC 604 in M33 
(compare Table 1, Chapter I) and a total mass of about 200,000 solar 
masses ! The scale of their plates is much too small to permit any account 
to be taken of the filamentary structure of these objects. The determina- 
tion of accurate densities and total masses will require observations 
secured with large telescopes. In order to excite a gaseous nebula with a 
radius of 20 or 30 parsecs and a density of 50 ions or electrons per cm. 3 , 
a whole association of O and B stars is needed. Hence it is not surprising 
that nebulosities such as NGC 595 and NGC 604 or the nebulae in 
NGC 2070 contain dozens of B and O stars. The observations of Shajn 
and Hase and those of G. Haro show that the largest gaseous nebulae 
tend to be found in Sc spirals rather than in Sb systems. 

Shajn and Hase concluded that in certain nebulae such as NGC 6523 
or NGC 6618 there is a tendency for the material to be concentrated in 
the periphery or at least at some distance from the centre. They base 
their deduction on the observed vestiges of rings, arcs, and layers that 
are disposed in a more or less symmetrical fashion with respect to the 
central region, the thickening near the edges, and the presence of luminous 
rings. They believe that masses of outward-moving material may overtake 
one another or encounter the braking action of the surrounding interstellar 
medium (see p. 300). 

Fortunately, many of these questions may eventually be settled by 
observations such as those secured by G. Courtes. Whereas Boggess was 
restricted to objects of rather high surface brightness, the use of the 
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narrow band-pass Savart-Lyot filter permits the St. Michel observers to 
measure the intensities of very dim nebulosities. Furthermore, the Fabry- 
Perot etalon enables the measurement not only of the internal radial 
velocities but also the contributions of weak fines such as the [MI] pair 
near Ha. 

The internal motions in the diffuse nebulae, i.e. the kinematics of the 
gaseous knots and filaments have come in for increasing attention. In 
general, we deal here with a compressible fluid which may move in free 
space at supersonic velocities in the presence of a magnetic field. Before 
discussing this interesting hydrodynamical problem let us briefly mention 
the evidence for the interstellar magnetic field. 

4. The Galactic Magnetic Field 

One of the outstanding classical problems of galactic structure has been 
the explanation of the spiral arms in external galaxies such as the Triangu- 
lum and Andromeda spirals. Early attempts were made to identify these 
arms as arms of stars, but the work of Baade <18) has conclusively shown 
that they are arms of gas and solid grains. The question naturally arises: 
What keeps the gas in the spiral arms? Why does it not diffuse throughout 
the entire plane of the galaxy? The answer seems to fie in the existence of 
a general galactic magnetic field. 

Some years ago Hiltner <19) and Hall <20) discovered that the fight of 
distant stars in the galactic plane is often polarized as though by scattering 
produced by systematically oriented elongated grains. The only plausible 
mec hanisms capable of maintaining such particles oriented parallel to 
one another over large regions of space require an interstellar magnetic 
field. (21) These aligned, elongated particles scatter different amounts of 
fight respectively parallel to and perpendicular to the magnetic field. 

Plots of the orientation of the polarization vector against galactic longi- 
tude and latitude suggest that the interstellar magnetic field runs along the 
local spiral arm, even though large local irregularities exist. Hence the 
direction of the field cannot be constant; the direction of the lines of force 
must be warped and distorted. Hiltner’s data indicate that the mean 
deviation, a, of the direction of the field from that of the spiral arm must 
be about 0-2 radian. <22) 

Chandrasekhar and Fermi (23) pointed out that there must be a relation- 
ship between a and H. As the ionized gas of the interstellar medium is 
pushed about by radiation pressure, gravitational forces, etc., so that 
density fluctuations are produced, the fines of magnetic force are twisted 
and turned. If the magnetic field were strong, the turbulent motions would 
be powerfully inhibited as the fines of force would tend to keep themselves 
straight. Hence the angle a would be small. On the other hand, a would be 
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large if the field is weak, because the random motions of the interstellar 
clouds would be little affected by the magnetic lines of force. They would 
be twisted and turned as the clouds moved about. <24) 

Chandrasekhar and Fermi established a relation between a and H by 
the following argument.* 25 ’ The motion of a disturbance in a magnetized, 
tenuous gas is governed by the combined action of hydrodynamic and 
electromagnetic principles. If g is the density of the interstellar material 
(which has a high conductivity) and H is the strength of the interstellar 
magnetic field, 

V— — 2 = .... ( 8 ) 

V Ang 

is the velocity of the transverse oscillations of a given fine of force. (26) This 
magneto-hydrodynamic wave can be represented by the expression 


2n 

y=A sin— (x— Ft), 


( 9 ) 


where y is the displacement of the line of force in a direction perpendicular 
to that of the propagation of the wave, x. Here A is the wavelength of the 
disturbance. Now 

dy 

dx 


vy 2? lA 2 71 
— = -v- cos — (x-Vt), 


( 10 ) 


so that 


dy 2 jiA 27i 

= — r - V cos — (x — Vt), 
8t A A v 


v^) 2 =W) 2 . 

\dx) \dt/ 


(ii) 


(12) 


Now dyfdx represents the tilt of a fine of force with respect to the plane of 
the spiral arm. Hence 

(D’—- • ■ • (13) 

Furthermore, if the turbulent velocities, v, of the gas clouds are isotropic, 

v 2 =v x 2 +v/+v z 2 , . . . (14) 

and in particular since the fines of force are anchored in the material, 

• ■ • (15) 

From equations (8), (12), (13), and (15) we now find: 

4 v 2 


H 2 - 


-x-ng-z- 
3 a 2 


(16) 
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Chandrasekhar and Fermi adopted the following numerical values as 
appropriate to the local spiral arm: 

f>„=2 x 10~ 24 gm./cm. 3 , < 22 > 
v—5 x 10 5 cm./sec., <28) . . . (17) 

a=0-2 radian. 

Hence 

77=7-2 x 10 -6 gauss. . . . (18) 

A second estimate of the value of H was obtained from the condition 
that the gas and dust in the spiral arm be in equilibrium with respect to 
sideways expansion or contraction. They equated the pressure due to the 
gravitational attraction of the spiral arm upon itself to the sum of the 
material and magnetic field pressures. 

The gravitational force arises from the action of all matter (stars plus 
gas and grains), but we are interested only in the gravitational pressure on 
the interstellar matter. Suppose that the spiral arm is a cylinder of constant 
density and total radius R. At a point whose distance from the centre of 
the cylinder is r, the gradient of the gravitational pressure will be 

dP 2GM(r) 

-j- = -Q=—2GnrQ,Q, . . (19) 

dr r 


since M(r)=nr 2 g, is the mass per unit length within the radius r. Here 
q, is the average density of all matter in the spiral arm. Integrating equa- 
tion (19), we obtain 


P gr =nG(R z —r z )Q,Q. 

Near the centre of the arm 

. (20) 

P gr ~nGQQ,R z . 

For equilibrium we must have 

• (21) 

^ gr Pkin~^~Pmag) 

where 

. (22) 

Pktn=\ev 2 

. (23) 

is the kinetic pressure produced by the turbulent gas. 
pressure is 

H 2 

The magnetic 

Pmag= ~^‘ 

. (24) 


If the radius of the spiral arm is taken as 250 parsecs =7-7 x 10 20 cm. and 
g,=6xl0 _24 gm./cm. 3 , 7V=l-5xlO -12 dynes/cm. 2 , pw„=0-2xl0 -12 
dynes/cm. 2 , hence p mag = 1-3 xl0~ 12 dynes/cm. 2 , and 77 turns out to be 
6X10 -6 gauss. 

In a second paper* 29 ' Chandrasekhar and Fermi give yet another method 
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for estimating the strength of the galactic magnetic field. They consider 
the conditions necessary for the stability of an infinite cylinder of incom- 
pressible fluid with a magnetic field along its axis when it is subjected to 
periodic transverse deformations. If the wavelength of these deformations 
exceeds a certain critical value which depends on the field strength, the 
cylinder will break up. The magnetic field tends to prevent the instability 
from being set up. If these considerations be applied to the spiral arms of our 
own galaxy (approximated as cylinders of density £—2 X 10 -24 gm./cm. 3 
and radius R=250 parsecs), they find that a field of 7xl0~ 6 gauss 
will effectively prevent the arms from disintegrating. If the field is 
6*25 x 10 " 6 gauss, disintegration of the spiral arms will set in after about 
2-5 xlO 9 years. 

These estimates by Chandrasekhar and Fermi seemingly give a reliable 
estimate of the mean strength of the magnetic field, but there are good 
reasons for believing that the field is not uniform within the spiral arms 
themselves. The observations by Hiltner and by Hall indicate that the 
direction of the interstellar magnetic field is strongly affected by local 
turbulence which acts to change the density of the gas and, therefore, the 
strength of the local field that is dragged along with the material. 

The density of the interstellar medium fluctuates over a range exceeding 
a hundredfold as a consequence of the perturbing effects of radiation 
pressure, gravitational attraction of nearby stars and clusters, and the tidal 
action of the central bulge of the galaxy. Hence a fiftyfold variation in the 
intensity of the field from one point to another is not unlikely, and tenfold 
variations seem distinctly probable. 

Although most loops and arches observed in gaseous diffuse nebulae 
are probably to be interpreted as fragments of Stromgren spheres, the 
character of the loops in some objects such as 30 Doradus in the Large 
Magellanic Clouds suggest the presence of large-scale non-uniform mag- 
netic fields. Some gaseous nebulae contain long, thin filaments, strongly 
oriented as though by a magnetic field. One of the best examples of this 
phenomenon is exhibited by the Network nebula in Cygnus, which we 
shall discuss in Section 6. 


5. Turbulence in Galactic Nebulae and the Interstellar Medium 

In astronomical objects in general and in the interstellar medium in 
particular, smooth laminar flow is rarely encountered. The Reynolds 
number is 

& (25) 

V 

where / is the linear size of the objects, while v is identified with the 
relative motions of the fluid. Here q is the density and rj is the viscosity; 
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the ratio v=rjlg is called the kinematical viscosity, which is usually very 
large. If the diameter of a large diffuse cloud is taken as about 10 19 cm., 
the speed of the cloud as 10 6 cm./sec. and the kinematical viscosity (30) as 
10 19 cm. 2 sec. -1 (as compared with values of 0-15 cm. 2 sec. -1 and 0 01 cm. 2 
sec. -1 for air and water respectively) we find R to be of the order of 10 6 . 
Since laminar flow breaks down into turbulent flow for Reynolds’s 
numbers in excess of 1000, we can expect motions within the diffuse 
galactic nebulae to be turbulent in character. 

The mathematical discussion of the theory of turbulence lies outside the 
scope of this book, and we shall restrict ourselves to a few general com- 
ments. <31) In a fluid in turbulent motion, suppose that we could measure 
the velocity as a function of position at a given instant, t. We might make 
an harmonic analysis of this velocity field v(r, t) of the form 

v(r, t)=E\k{t) exp (ik . r), . . (26) 

k 

which amounts to interpreting the instantaneous velocity field as the 
superposition of harmonic variations of all possible wavelengths, X, which 
are related to the wave number k by k—2n\X. The lower limit of k is fixed 
by the dimensions of the container in which the turbulence occurs. The 
upper limit is controlled by the fact that the very smallest eddies are 
continually being wiped out by viscosity. Since a Fourier analysis of this 
type will require the simultaneous presence of eddies of many different 
sizes, there will exist what is called a hierarchy of eddies. The amount of 
mechanical energy residing at any instant in a unit mass in eddies of 
wave numbers between k and k-\-dk will be F(k)dk, where the function 
F(k) specifies the spectrum of turbulence. For small values of k (large 
eddies), the character of this function will depend on the exact means by 
which mechanical energy is supplied to the fluid. The transfer of energy 
from these large to smaller eddies is accompanied by an increasing degree 
of disorder. The forces or temperature gradients that supply energy to the 
large eddies usually do so in a non-isotropic fashion, but the passage of 
the energy to the smaller eddies is accompanied by an increasing approach 
to isotropy in the motion. The reason why the small-scale turbulence tends 
to be isotropic is to be sought in the fact that pressure differences play a 
large role in the degradation of the motions. A compressed region tends 
to expand in all directions so that any directionally dependent properties 
of turbulence tend to be wiped out in the small eddies. 

Furthermore, each eddy of a given k dissipates as heat some of the 
energy it receives from the larger eddies. The rest is passed on to smaller 
eddies as kinetic energy of motion. In eddies of some size, say ~k s , the 
dissipation of energy by viscosity will become important, and the motion 
within the tiny whirl will be laminar. The frequency of eddies of yet 
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smaller size will fall off very rapidly. If the Reynolds number, defined by 
equation (25) is sufficiently large, there will exist a large region of the 
turbulence spectrum, i.e. for eddies of intermediate sizes, k Q <^k<^k s , for 
which thermal dissipation will be negligible. In this domain the distribu- 
tion function F(k) will depend on s, the rate at which energy is supplied to 
the largest eddies, as well as on the viscosity. 

Now F(k) has the dimensions (velocity) 2 X length, while k has the dimen- 
sion (length)" 1 . Now for k^>k 0 , F(k) will depend on e=e/e and the 
kinematical viscosity v—rijg (ratio of ordinary viscosity to density). As 
v —> 0, the spectrum depends more and more closely on e. 

In order to obtain some notion of the character of the turbulence 
spectrum in this region, Kolmogoroff employed a dimensional analysis. 
The dimensions of e are (MV 2 IT)L^ 3 =ML~ X T- 3 , q has dimensions ML" 3 . 
Hence e has dimensions V 2 T~ l , while those of v are L 2 T~ l . 

Combinations of v and e, having the dimensions required for F(k) and 
k, are: 

F(k) : [L/T] 2 X [L] = [(v 2 e ) 1 ' 4 ] 



and hence F(k) must have the form 

F(k)^(vs e yi*f(kv3i^e- 1 i*). . . (28) 

Since k has the dimensions L _1 , the quantity in ( ) in/( ) is dimensionless. 

If the Reynolds number is very large (which corresponds to v->0), F(k) 
should be independent of the viscosity. Thus we require that 

( v 3 \ - 5/12 

-) k~ 5l3 =Ae 2l3 k~ sl3 . (29) 


for F(k) to be independent of v; A is constant. That is, the larger the 
Reynolds number, the more closely will the turbulence spectrum approach 
the Kolmogoroff approximation, 

F(k)~k- 5 ' 3 . . . . (30) 


Let us define v k as the mean velocity of all eddies with wavelength less 
than fa in accordance with the expression 

] l/2 

(31) 



If the Kolmogoroff approximation can be applied, we see 

— i 

where Ci is a constant. Kolmogoroff ’s method of developing the asympto- 
tic form of the equilibrium spectrum gives no information concerning the 


(32) 


294 GASEOUS NEBULAE 

domain in which energy is dissipated by turbulence. A more comprehen- 
sive, although less reliable, theory which enables the spectrum in the 
dissipation range to be determined has been given by Heisenberg. For 
stationary, fully developed turbulence in which s k is a constant, indepen- 
dent of k, Chandrasekhar has shown that 

/K\ 5/3 t 

JW -const. (j) [1+(W1 „, k>k„ . . . (33) 

F(k) = 0 k<k 0 , 

where k s is a parameter that depends on the Reynolds number and the 
wave number k 0 of the largest eddy. 

The equilibrium theories, i.e. those concerned with the small-scale 
motions, postulate that the small-scale motions are isotropic and statis- 
tically steady (i.e. have times of change small compared with their 
characteristic periods), whatever the nature of the large-scale motion. 
Modifications of the elementary theory are required in the domain of the 
larger eddies that contain the kinetic energy as soon as the compressibility 
of the fluid and the presence of magnetic fields are taken into account. 

A gaseous nebula can be treated as a compressible fluid from the stand- 
point of turbulence theory only so long as the mass motion of one part of 
the object with respect to another part of the object is less than the velocity 
of sound. This condition is not always fulfilled and Mach numbers, M, 
exceeding one may occur. (32) A rigorous generalization of the equilibrium 
theories to compressible fluids would be difficult although some kind of 
a perturbation treatment may be possible. Some general qualitative 
remarks may be made. Even at subsonic speeds the finite compressibility 
of the gas will cause compressional (longitudinal) waves to be set up in 
addition to the shear (transverse) waves. Lighthill has discussed the 
.mechanism for the generation of compressional waves. Pressure fluctua- 
tions in the medium can be regarded as the source of the accoustical waves 
which carry away a small amount of energy if the Mach number is small. 
Under these circumstances the turbulence will not be much affected. The 
dissipation of energy in noise rises rapidly, however, as M increases. At 
large values of M it is not possible to give a quantitative discussion of the 
problem. The acoustical waves evolve into a random distribution of shock 
waves which interact with one another and with the transverse waves. The 
amount of energy dissipated by the shock waves is comparable with that 
degraded by the transverse waves. As M=u(c, where u is the velocity of 
the material and c is the velocity of sound, becomes very large, say ~14 
or 15, the shock waves become intense and we can no longer speak of a 
hydrodynamical connexion between different parts of the fluid. Thus the 
proper picture of motion in certain gaseous nebulae may well become that 
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of a number of separate non-interacting elements which have no hydro- 
dynamical connexion with one another. 

It is to be expected that the energy will be introduced into the largest 
eddies in a non-isotropic fashion. For example, radiation pressure from 
stars and clusters of stars will almost certainly be directionally dependent. 
Nevertheless, because of the role of pressure in the transfer of energy from 
one eddy size to another the turbulence tends to become isotropic. The 
lifetime of these larger eddies will be simply the time required for one of 
them to make a revolution and decay. In this time interval, 

T=l(a*)-u\ . ■ ■ (34) 

energy will be transferred from the large-scale to the small-scale eddies. 
For a gaseous nebula of diameter 1=19 x 10 17 cm. —2 light-years, and 
(u 2 ) 1 ; 2 — 1 0 cm./sec. the time-scale of decay of the energy in the largest 
eddy will be of the order of 1*9 x 10 12 sec. =60,000 years. Chandrasekhar 
has discussed the change of the shape of the turbulence spectrum when the 
driving force is cut off and the turbulence is allowed to decay. In gaseous 
nebulae, however, we cannot be sure that decaying turbulence is observed. 
It seems more likely that the energy going into the larger eddies fluctuates 
with the time. As the energy is passed down through the hierarchy of 
eddies the effect of these fluctuations tends to be smoothed out. In the 
smaller eddies the turbulence may be relatively stationary for long periods 
of time. In objects like the Orion nebula, however, the largest eddies may 
fluctuate in size and motion as the driving force of the turbulence changes. 
Over large regions of the spiral arm one might expect radiation and 
gravitational forces to keep the material rather well churned up. 

In view of the probable existence of a magnetic field pervading the 
interstellar medium and diffuse nebulae the interaction between turbulence 
and this field assumes considerable importance. Turbulence is a random 
and diffusive phenomenon. Hence the separation between any two points 
in the fluid will tend to increase with the time. Since the lines of magnetic 
force are frozen into the medium, the lines of force will tend to follow the 
motion and be stretched out. There will be a sharing of the energy between 
the magnetic field and the kinetic energy of motion. Bierman, Schluter, 
Alfven, Fermi, and others have suggested that because of the strong 
coupling between magnetic and kinetic energies, 

H 2 1 , 
to~2 e * 

On the other hand, G. K. Batchelor has suggested that not all of the 
turbulent energy is available for transfer to the magnetic field. Equi- 
partition of magnetic energy will occur with the small eddies in which a 
maximum dissipation of energy occurs. 
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Batchelor finds that if a small magnetic field is initially present in the 
interstellar medium it will be built up to value for equilibrium with turbu- 
lence in the course of a few thousand years. The rate of decay of an 
interstellar magnetic field through the mechanism of setting up electric 
currents that dissipate their energy through ohmic heating is so very slow 
that these fields must be regarded as essentially permanent. The presence 
of this field must be taken into account in all hydrodynamical studies of 
diffuse nebulae. 

The most detailed application of turbulence theory concepts to the 
interpretation of the internal radial velocities in a gaseous nebula was 
carried out by S. von Hoemer for the Orion nebula. 1331 He assumed that 
this object could be treated as an incompressible fluid in a steady state and 
applied the Kolmogoroff spectrum law in the form 

[(Fi-F 2 ) 2 ] = C 2 | ri — r 2 |2 /3 , . . (35) 

where V\ — V 2 is the difference in radial velocity between two points of a 
pair located by the vectors r-i and r 2 . The constant C depends on the 
nebular density. 

The observed radial velocity V at any point in the nebula will comprise 
contributions from radiating volumes all along the line of sight. S. von 
Hoerner considered two limiting models: I, a fully transparent nebula; and 
II, a nebula that is almost opaque. The emission is assumed to decline 
exponentially with distance into the nebula. He considered also the effects 
of (a) measuring errors, (b) the finite surface area covered by the spectro- 
graph slit, and (c) the statistical departures of the observed values of 
| V\ — F 2 1 2 from the expected values. 

The basic observational data are those of Campbell and Moore, <34) who 
measured the radial velocity at eighty-five points in the Orion nebula. The 
greatest number of observations were secured in the inner, brighter portions 
of the object. Hence von Hoerner treated the inner portion separately. 
In order to find a satisfactory statistical interpretation of the observations 
he found it necessary to suppose that the depth to which we can see in the 
nebula is less than 0T0 parsec at the centre and 0-40 parsec elsewhere 
in the nebula. The corresponding extinction coefficient must be greater 
than Oil magnitude per parsec at the centre of the nebula ! The densities, 
computed on the assumption that the sizes of the particles are roughly the 
same as elsewhere in the interstellar medium, exceed 8 x 10 -23 gm./cm. 3 at 
the centre of the nebula and 2 x 10~ 23 gm./cm. 3 elsewhere. The mass of the 
whole nebula was estimated to be about six solar masses — as compared 
with ten solar masses found by Greenstein by entirely different methods ! 
The total mass of gaseous material in the Orion region is very much 
greater, however (cf. p. 311). 
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On the basis of the agreement between the theoretical curves and the 
velocity-pair statistics for the observed points, von Hoerner concluded 
that the Orion nebula exhibited a turbulence spectrum. The exponent in 
the law (cf. equation (32)) 

Vk = const. A" ... (36) 

fell between 1/4 and 1/2. He was not able to find the dimensions of the 
smallest turbulent elements, and was only able to conclude they were 
larger than 0-02 parsec — a distance very much larger than the mean free 
path of a gas ion. 

When the velocity distributions derived from the point-pair statistics as 
analysed by the turbulence theory are compared with the velocity distribu- 
tions deduced from the widths of the spectral lines as measured by Baade 
and Minkowski, a serious discrepancy is found. The line width velocities 
are about three times as great as those found from the von Hoerner 
analysis. That is, if two radiating elements lie at a distance h behind one 
another, the average difference of their radial velocities is about three 
times as great as if they lie side by side ! 

S. von Hoerner also compared the values of the constant C for the inner 
portion and whole of the Orion nebula with estimates carried out for the 
interstellar sodium and calcium lines and for emission nebulae in the 
Milky Way and Magellanic clouds. The results suggested that the turbu- 
lent energy density is much higher in Orion. Accordingly, von Hoerner 
suggested that energy is not only dissipated in the nebula but is transported 
from the inner regions near the Trapezium to the outer portion. An 
anisotropy of the turbulence in the smaller elements might result. A satis- 
factory interpretation of this discrepancy within the framework of the 
usual turbulence theory is not obvious. One thinks of the energy being 
supplied to anisotropic large eddies and passed down to smaller and smaller 
eddies which become increasingly isotropic. If the smaller eddies are not 
isotropic, the whole application of the concepts of homogeneous turbu- 
lence to the Orion nebula is open to question. Further observational data 
on the Orion and other galactic nebulae should be very useful in estab- 
lishing the character of the turbulence existing in such objects. New 
observations being secured at Mt. Wilson should enable a much more 
satisfactory study of the kinematics of the Orion nebula to be made. 

The scarcity of radial-velocity data for other galactic nebulae, particu- 
larly for those of low surface brightness, now precludes further analyses 
similar to those made by von Hoerner. The need for some other line of 
attack is indicated. Traditional turbulence theories have been concerned 
mostly with the correlations between the velocity differences and the 
distances between selected points in the fluid. Since the density, pressure, 
and velocity of a given volume element in turbulent motion are all 
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connected, the results of the theory can be generalized to discuss the effects 
of turbulence upon the densities and pressures. Hence, if the radial velocity 
variations from one point to another in a gaseous nebula are not known, 
we can use the fluctuations in its surface brightness, provided that these 
fluctuations are produced by random variations in the density of the 
radiating gases. We assume that T is constant in the HU region. 

The shapes of bright-line clouds such as Messier 8 or the Trifid nebula 
depend not only on the spatial distribution of the material but also on the 
arrangement of the exciting stars. The two effects must be taken into 
account. In certain regions of the Milky Way, however, it does appear to 
be possible to select areas where the bright nebulosity is distributed at 
random and is excited by stars that are some distance away. Care must 
also be exercised to make sure that there is no obscuration produced by 
dark clouds in the line of sight. 

Such a region appears to be located in Cygnus between a=20 h l m , 
<5=4-38-0° and a=20 h 13 m , <5 =+34- 5°. Some years ago the writer made 
a detailed study of this region on plates taken with the Palomar 48-in. 
Schmidt and plate-filter combination to isolate the Ha radiation.' 35 ' If the 
surface brightness, I(x), can be measured as a function of the distance 
along a line drawn in the plane of the sky, 

j*+oo 

I(x) = E{z, x)dz, . . . (37) 

* —co 


where z is the distance along the line of sight, and E is the emission in Ha 
per unit volume. Now E ~NtN e ~A4 2 ~q 2 , where g is the density. Actually, 
since the turbulence produces density variations in a gas of some mean 
density q 0 , we are concerned with fluctuations in the intensity I(x) about 
a mean value /„. If the turbulence is homogeneous, the turbulence 
spectrum of F(x)=I(x)—I 0 is the same as the turbulence spectrum of 
E{z, x)—E 0 , which is related to q 2 —Qo 2 - In practice the measured quantities 
were the galvanometer deflections registered by the microphotometer. 
These are roughly proportional to the intensity since the latter varies over 
only a small range. The correlation function g(r). 


g(r) = 


zr(x)r(x+r) 

zrix ) 2 


(38) 


is related to the turbulence spectrum by 


F(k) = 



g(r ) cos krdr. 
o 


(39) 


Detailed numerical analysis shows that F(k ) has a sharp maximum corre- 
sponding to an eddy size of 34'. Thereafter F(k) falls off roughly as 
k~ 1,s . If the results are interpreted in terms of the turbulence spectrum. 
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this means that the largest whirls have a sufficient store of energy to 
maintain a flow of energy down the hierarchy of eddies. If the diffuse 
clouds lie at a distance of 1000 parsecs, as their association with nearby 
supergiant stars would suggest, the largest eddy is about 10 parsecs in 
diameter. 

We speak of the “turbulence spectrum” of these gas clouds. Yet it may 
be that although the Fourier analysis of the brightness variations yields 
a function that resembles a turbulence spectrum, it is really not a turbu- 
lence spectrum at all in the accepted meaning of the term! The Mach 
numbers are often large, and turbulence under these conditions is poorly 
understood. Large amounts of energy are probably dissipated quickly in 
acoustical and shock waves rather than by slow leakage in the course of 
passage through the hierarchy of eddies. 

The sharpness of the interstellar H and K lines shows that the internal 
motions in large clouds of attenuated gas are frequently very small. D. ter 
Haar suggests that these clouds shed material until the motions inside are 
laminar. 1 3 6) The stabilization process takes about one year. The sizes of 
the cloud are determined by the requirement that they are the largest units 
within which no turbulence will occur. The clouds are continually being 
destroyed by the tidal action of the galactic centre, by encounters with 
stars, and particularly by collisions with other clouds, which limit their 
lifetimes to about ten million years. 

The lifetimes of the denser galactic nebulae like Orion must be measured 
in millions of years. Eventually they disappear as the material of which 
they are composed is dissipated in space or collected into stars. 

Further work along the lines indicated by McVittie, Burgers, van de 
Hulst, and von Hoerner is needed to clarify the many hydrodynamical 
problems of the interstellar medium. 

6. The Network Nebula in Cygnus 

One of the most fascinating of gaseous nebulae is the Network nebula 
in Cygnus. Direct photographs reveal an intricate lace-like structure that 
covers a considerable area. The filaments show the characteristic bright 
lines of a hot gas — there is no evidence of any solid particles. This object 
presents a host of perplexing problems. 

For example, photographs taken at Mt. Wilson forty years apart show 
a motion of the filaments across the line of sight, but no perceptible change 
in their delicate, wispy structures. The work of Burgers <37) indicates that 
such a filament in a vacuum should expand at a rate so as to double its 
initial radius in less than a century. Evidently some forces must act to 
maintain the shapes of these filaments, and one is tempted to suppose that 
local magnetic fields may play a role. 
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The source of excitation of the nebular spectrum presents an even more 
challenging problem. Searches by Hubble 081 and more recently by 
Wachmann at the Hamburg Observatory revealed no hot star enclosed 
within the region defined by the nebula that might serve as a source of 
thermal excitation. It has been suggested that such a star might lie behind 
an obscuring cloud. Star count studies do not indicate an adequate 
amount of absorption within the loop of the Network nebula. (39> On the 
other hand, there exists the possibility that the Network nebula may lie 
at the same distance from the sun as the cluster of early-type stars described 
by Miss Roman, <40) and draw its excitation from them. J. W. Chamberlain 
estimates that if there is no extinction of the radiation between the cluster 
and the loop, about 10% of the hydrogen could be ionized if T e is as low 
as 10,000°K.‘ 4 i> 

The loop appearance of the nebula and the fact that the two brightest 
portions are slowly moving apart have suggested to various workers that 
the object may be the relic of an ancient nova outburst. Humason’s radial 
velocity measures of various filaments show that the internal motions are 
somewhat irregular and cannot be interpreted as a simple expansion. 
Adopting the nova-shell hypothesis, Oort <42) suggested that the source of 
excitation of the nebular radiation might lie in the dissipation of the 
kinetic energy of the gases as they moved through a resisting medium. 
Under these circumstances the Balmer lines would be excited primarily 
by collisional processes. The Balmer decrement might be substantially 
different than that for purely radiative excitation. 

The Oort hypothesis is amenable to a quantitative check. The amount 
of energy radiated by the filaments may be observed directly. Since the 
speeds of these filaments are known and lower limits to their masses may 
be found, the rate of dissipation of energy may be compared with the total 
store of kinetic energy. J. W. Chamberlain used the 24-in. Curtis Schmidt 
telescope at the Portage Lake Station of the University of Michigan to 
make a study of the Network nebula by photographic photometry. He 
employed appropriate combinations of plates and filters to isolate the 
fla+[MI], the [Oil], and the [OIII] emissions. Following a suggestion 
by F. D. Miller he established the surface brightness of the nebula in these 
various radiations by photographing the companion to the Andromeda 
spiral, M32, with the same plate-filter combinations and exposure times. 
The spectral energy distribution, total magnitude and surface brightness 
of M32 along its major and minor axes have been measured by Stebbins 
and Whitford' 43 ' and by R. O. Redman. <44) The spectral energy distribu- 
tion in Messier 32 is very similar to that of the sun. When the trans- 
missions of the filters and optical equipment, the spectral sensitivity of the 
emulsion, and the atmospheric transparency effects were allowed for, it 
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was possible to determine the surface brightnesses of various selected 
filaments in the light of 23727, Ha+[N1I], and the green nebular lines. 

Chamberlain’s photographs show pronounced excitation differences 
from one part of the nebula to another. For example, in NGC 6960 
certain filam ents that are prominent in the forbidden oxygen lines are weak 
or missing in //a+[MI]. 

On the assumption that the filaments are cylinders of uniform density, 
Chamberlain derived the mean emission in ergs/cm. 3 /sec. in the various 
monochromatic radiations in seven different regions of the nebula. For 
an average filament and an assumed distance of the nebula of 500 parsecs 
he finds £(//a)=l-37xl0- 19 ergs/cm. 3 /sec. The emission in 23727 [Oil] 
and JVi+JVa [OIII] averages 5-6 and 2-8 that of Ha. In order to interpret 
these numbers in terms of densities the physical mechanisms of excitation 
and the electron temperature must be known. The ratio of 4363 to 
iYi-f jV 2 indicates a very high temperature of the order of 1 00,000° K. on 
the basis of Seaton’s cross-sections. Chamberlain found that his observa- 
tions could be interpreted with a variety of temperatures between 20,000° K. 
and 40,000° K., and either collisional excitation or radiative excitation by 
a distant high-temperature source. 

Slit spectrograms of the loop nebula have been secured by Humason, van 
de Hulst, and most recently by Minkowski. (45) These observations showed 
that generally [Oil] 3727 was strongest, N 1 +N 2 [OIII] next, while Hy, 
4363 [OIII], and [JVelll] were weaker; the relative intensities showed 
pronounced fluctuations from filament to filament. Minkowski finds that 
the red [MI] fines are not of negligible intensity. The ratio i/a/[MI] varies 
from about 3-2 to 4- 1 . The Hal HP ratio becomes about 1-2 to 1-4, whereas 
the theoretical ratio for radiative excitation is between 2 and 3 for electron 
temperatures between 40,000 and 1 60,000° K. Nor can the extremely 
small Ha/ HP ratio be attributed to collisional excitation. Chamberlain 
finds that the Balmer decrement remains steep (Hal HP ^3) even for tem- 
peratures as high as 1 60,000° K. The decrement is steepened if the nebula 
is optically thick. The measurement of the Ha/ HP intensity ratio needs 
verification. 

A high electron temperature does not necessarily imply the dissipation 
of mechanical energy. The energy could be supplied to the filaments by 
radiative processes to maintain a high electron temperature. The hydrogen 
energy levels could be excited by collisions with electrons. 

Chamberlain’s data permit a quantitative test of Oort’s hypothesis that 
the excitation of the Network nebula arises from the dissipation of the 
kinetic energy of an expanding nova shell colliding with an interstellar gas 
cloud. From the emission in Ha it is possible to estimate the total rate at 
which energy is radiated away by the filaments. The velocities of the 
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filaments are known from the data of Humason, and their masses can be 
guessed from the rate at which they emit energy. In this way Chamberlain 
finds that the rate of energy dissipation is such that the entire kinetic 
energy of the moving filament could be used up in about thirty years. 
Since the filaments have not changed in appearance by detectable amounts 
in nearly fifty years some other source of excitation must be sought. The 
Cygnus cluster of O and B stars possibly supplies enough radiant energy, 
but here again the rate of energy supply may not be enough unless these 
stars have very rich sources of ultra-violet energy. 

Burgers 07, 46) and others (47) have attempted to apply aerodynamical 
methods to the problem of the collision between a gaseous nebula and the 
interstellar medium. A solution appears practicable if the loss of energy 
by radiation and thermal conduction can be neglected, but Chamberlain’s 
work shows that such approximations are not permissible for the Network 
nebula. When the radiation losses are important, the equations become 
intractable and a solution has not been obtained. Burgers has also sug- 
gested that bright emission regions may arise when shock waves pass 
through an extended gaseous nebula. Effects of this type may appear in 
the various diffuse galactic nebulae. Kantrowitz has suggested the possi- 
bility that the Network nebula may represent a luminous shock front, 
analagous to the phenomena observed in shock tubes. The measured 
radial velocities would not then be connected with the motion of the 
luminous body of the nebula. 

Shajn and Hase have discovered additional objects in which the orienta- 
tion and delicacy of the filaments strongly suggest the presence of a galactic 
magnetic field. The wisps tend to lie parallel to the galactic plane as they 
do in the Network nebula.* Furthermore, these filamentary nebulosities 
also appear to have no early-type stars to which their excitation can be 
ascribed. 

The Network nebula has not yet been observed as a radio source, 
although it is possible that with the development of powerful new equip- 
ment it can be found by these techniques. A somewhat similar nebula, 
IC 443, has been detected as a radio source (see p. 305). 

7. Gaseous Nebulae as Radio Sources 

Since Jansky’s discovery of “cosmic static” twenty years ago, the new 
field of radio astronomy has been rapidly developed. Progress has been 
particularly rapid since 1945 as new techniques devised under the stimula- 
tion of the war effort could be applied to astronomy. 148 * 

* It is of interest that long filamentary dust clouds described by W. W. Morgan likewise 
tend to be oriented parallel to the galactic plane— or more precisely to the Gould belt 
of bright stars. 
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We shall not attempt a detailed discussion of galactic radio astronomy 
nor of the observational techniques employed, but shall concentrate our 
attention on sources of radio-frequency radiation identified with gaseous 
nebulae. 

The earlier surveys with low-resolution equipment by Grote Reber and 
others showed that the galactic radio noise was strongest in the direction 
of the Milky Way with strong concentrations near the galactic centre and 
in Cygnus. 

The sun was discovered to be a strongly variable radio noise source, but 
it was at once evident that the sources of galactic radio noise must be very 
much more powerful. Thousands of millions of stars, each radiating as 
strongly as the disturbed sun, would be required to match the observed 
energy output. 

The development of high-resolution techniques revealed the presence of 
a number of discrete sources, which for a time were called “radio stars”, 
although none of them could be identified with actual stars. The strongest 
of these sources have been identified with optically observable objects — all 
of which have turned out to be remarkable. Most of the weaker discrete 
sources have not been identified. In fact, of the 200 strong discrete sources 
that have been listed by various observers, only a handful have been 
identified with optical objects. <49) These include the Cassiopeia and 
Puppis sources, Cygnus A, the Crab nebula, NGC 5128 (Centaurus), and 
NGC 4486 (Virgo). Unlike the bright stars, the strongest sources are 
concentrated to the plane of the galaxy. The weaker sources, which are 
believed to be randomly distributed, are probably to be identified with 
external galaxies. B. Y. Mills refers to these two kinds of obects as 
Class I and Class II sources, respectively. In fact, the radio-frequency 
radiation from eight or nine “normal” galaxies (i.e. systems like our own 
galactic system) has been detected as well as emission from unusual 
galaxies that emit an abnormal amount of radio noise. The “normal” 
galaxies include the Andromeda spiral and several objects in the Virgo 
cluster. Curiously, the Triangulum spiral Messier 33 has not been 
detected. In fact, no Sc spiral has so far been found, and it may 
be that these predominately Type I populations are not strong radio 
sources. 

The character of the galactic discrete sources so far identified with 
optical objects is such that the weaker sources must lie beyond the limits 
of the most powerful of existing telescopes, even if they are not partially 
obstructed by the interstellar absorption. Interferometric techniques show 
that these sources have finite diameters. For example, the diameter of the 
Cassiopeia source, assuming it to be a uniform disk, was found to be about 
5-6' in good agreement with the optical observations. (50) 
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The strong sources so far identified include the Cassiopeia source 
(a=23 h 21 m ll-38 8 , <5=+58° 31' 52-9” (1950)), Cygnus A (a=19 h 57 m 44-5 8 , 
<5=+40° 35' 46-3" (1950)), Puppis (a=8 h 20 m , d = -42° 15'), Tycho’s super- 
nova of 1 572, and the Crab nebula. The last-mentioned was the first source 
identified; the energy distribution in its radio-frequency spectrum is dif- 
ferent from that of other radio sources. Kepler’s supernova of 1604 has 
not yet been found, but no radio-telescope of adequate power has yet been 
used on this object. 

Direct photographs of the Cassiopeia source secured with the 48-in. 
Schmidt show a number of sharp, unusual filaments, unlike any gaseous 
nebulae heretofore known.* 5 ** The spectra and velocities of the first three 
filaments observed by Minkowski illustrate some of the complexities 
involved.* 52 * Filament No. 1 shows strong radiations of [MI], [Dill], 
and [01], although Ha and HP are absent. 

Each line profile extends over a velocity range of 3000 km. /sec. with 
maximum intensities corresponding to velocities of —1000 km./sec. and 
greater than +2200 km./sec. ! Filament No. 2 shows lines of [MI], [OI] 
with a weak Ha. The third filament shows strong [MI]. The line is tilted 
and narrow, corresponding to a 400-500 km./sec. difference in speed 
between the extreme ends of the filament. The sharpness of the lines 
indicates that any expansion of the filaments must be very small compared 
to the mass motions of the filaments themselves. 

Minkowski and the writer* 53 * suggested that the absence of hydrogen 
emission in the spectrum of filament No. 1 was to be attributed not to the 
absence of hydrogen in the nebula, but to the conditions of excitation. If 
the electron temperature is about 1 5,000° K., Ha will not be collisionally 
excited enough to produce an observable line, although [Oil], [MI], and 
[OIII] will appear with some strength. The filaments’ spectrum indicated 
that it was not in ionization equilibrium. 

Minkowski subsequently secured additional observations of the fila- 
ments in the Cassiopeia source. He finds two kinds of nebulous objects: 
(1) Diffuse filaments and condensations visible on both blue and red 
exposures. (2) Sharp, short filaments and semi-stellar condensations visible 
only on red-sensitive plates. 

The two groups differ not only in their spectra but also in their radial 
velocities. The diffuse (1) objects have large radial velocities and 
velocity spreads, and observable transverse motions after two years. 
The sharp (2) objects have small radial velocities and moderate velocity 
spreads, but show no transverse motions in two years. Minkowski gives 
the following description of the spectra of the two kinds of objects. 
He estimated the line intensities by comparison with the spectrum of 
NGC 7027. 
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Table VIII : 3 


Spectra of Filaments in the Cassiopeia Radio Source 


X 

Diffuse Objects 

Sharp Objects 

3727 [Oil] 

4 

6 

6 

— 

3869 [Neill] 

— 

— 

(2) 

— 

4069 [SII] 

2 

2 

2 

— 

4076 [SII] 

1 

1 

1 

— 

4959 [Oni] 

15 

20 

15 

- — 

5007 [OIII] 

45 

60 

50 

— 

6300 [OI] 

20 

20 

20 

— 

6364 [OI] 

10 

10 

10 

— 

6548 [MI] 




150 

Ha H 




100 

6584 [MI] 



J 

450 

6716 [SII] 

30 

70 

15 


6730 [SII] 

50 

110 

24 



From the fact that the sharp filaments do not appear in the blue, one 
can estimate that i//3/i/a<l/3, Minkowski concludes that the line inten- 
sities for the diffuse filaments interpreted with the aid of Seaton’s cross- 
sections require that the filaments cannot be in ionization equilibrium. If 
the electron temperature is as low as 1 5,000° K. so that Ha will not be 
strongly excited by collisions, the observed intensities in the diffuse fila- 
ments would require proportions of i\f[OIII]:iV[OH]:lV[0I]=l(M:2. 
Since changes are observed in the structures of the diffuse details in a 
period of two years, and since the relaxation times for the ionization 
equilibri um may be expected to be much longer than this, it is safe to 
assume that the ionization equation cannot be applied and abnormal- 
looking ratios are to be expected. In the two brightest diffuse filaments 
Mink owski has succeeded in observing A4363. Temperatures of 1 5,000° K. 
and 40,000° K., respectively, are indicated by the 4363 /(A^+A^) ratio. The 
absence of Ha in the hotter filament is puzzling, unless the filament is so. 
very dense that the collisional de-excitations of the l D 2 level of GUI 
become important. 

The radio observers also find an extended source in Cygnus — sometimes 
referred to as “Cygnus X”. Measures with the interferometer show that 
it cannot be a source of uniform surface brightness. Minkowksi finds 
filaments similar to these characteristic of the Cassiopeia source in this 
area also. Most of the area is so filled with obscuring nebulosity that 
many of the structures are probably hidden. The Puppis source has a 
diameter of about a degree, and shows a filamentary structure similar to 
that of the Cassiopeia source. 

A nebula, IC 443, somewhat similar to the Network nebula in Cygnus 
has recently been identified as a radio source. This object is much more 
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remote than the Network nebula; the small proper motion of the filaments 
is barely visible on the blink microscope in fourteen years. The spectrum 
shows strong radiations of Ha and [ATI]. We might expect the Network 
nebula to be a detectable radio source, but it lies so close to Cygnus X 
and the strong Cygnus A source that the resolution presents a serious 
problem. 

The first radio source to be identified, Taurus A, was shown to coincide 
in position with the Crab nebula. This object is the remnant of an extremely 
luminous supernova that was observed in 1054. < 54) Direct photographs 
show it to consist of an amorphous mass upon which is superposed a net- 
work of intricate filaments. J. C. Duncan’s measurements of these fila- 
ments showed the nebula to be expanding. < 55 > N. U. Mayall observed the 
spectrum of this filamentary structure and found a radial expansion of 
1100 km./sec. ( 56> When the radial velocity measurements are combined 
with the lateral expansion rates in seconds of arc per annum, the distance 
of the nebula is found to be 1100 parsecs/ 5 ?) 

Detailed studies of the spectra of the filaments (by Minkowski) <58) show 
them to resemble ordinary planetary nebulae of high density. The [01] 
and [511] lines are particularly strong. On the other hand, the hydrogen 
lines are very weak compared with those of both neutral and ionized helium. 
Thus hydrogen must really be very much less abundant than helium. 

It has been suggested that supemovae originate from very dense stars 
in whose interiors hydrogen has been converted into helium and heavier 
elements have been built up by reactions involving a-particles. For 
example, Borst (59) has suggested that Be 7 may be formed by a collision 
of two a-particles in which 19 M.e.v. of energy is absorbed. Subsequently 
Be 7 decays by capture to Li 7 . Another possible process is the building of 
C 12 from three a-particles as suggested by Salpeter. <60) Actually, except 
for the small ratio of hydrogen to helium no unusual proportions of any 
elements have been established. In particular, there is no evidence for 
excess quantities of lithium or carbon. 

The amorphous mass of the Crab nebula shows a strong, continuous 
spectrum with no trace of any lines. Minkowski attributed this strong 
continuum to free-free emissions in a highly ionized gas. It is possible that 
the electron temperature may be considerably higher than Minkowski 
originally assumed. If a discontinuity can be observed at the Balmer limit, 
the electron temperature must be less than 400,000° K. If this jump cannot 
be observed and if the mass of the nebula is as great as thirty-six times that 
of the sun, the electron temperature can be as high as 2,000,000°. 
The electron densities must be comparable with those existing in typical 
high excitation planetaries, but the volume of the radiating gas is very 
much larger. If the electron temperature is as high as 1,000,000° the 
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thermal energy content of the nebula is enormous, and the rate of emission 
of energy in free-free transitions is low. Minkowski and Greenstein <61> 
have pointed out that if the emission of energy in possible far ultra-violet 
forbidden lines is neglected the dissipation of 1 % of the kinetic energy 
of the expanding nebula would supply its energy for a thousand years. 
Since the expansion of the nebular gases occurs at supersonic velocities, 
the kinetic energy could be dissipated by shock waves. Excitation and 
io niza tion by electron impact probably dominates except for the ions of 
highest ionization potential where radiative ionization may occur. A 
central star may help maintain the ionization level in the nebula, but it does 
not appear to be absolutely necessary to supply the observed excitation. 

The most unusual feature of the Crab nebula as a radio source is the 
character of the energy distribution in its spectrum. “Normal” radio 
sources such as Cassiopeia or Puppis have a spectrum in which the radio- 
frequency flux appears proportional to wavelength from about 2 to 
15 m. The flux of the Taurus source appears to be constant from 
20 cm. to 10 m., but it appears to fall off between 20 cm. and 9-4 cm. 

An optically thin source in which free-free emissions provide the radio- 
frequency radiation will emit a spectrum in which the energy distribution 
is also nearly independent of wavelength. We may show this rather easily 
by the following argument. 

The thermal emission from a column of gas of length h containing 
Ni ions/cm. 3 N e electrons/cm. 3 will be 


Iv = 



Jv 

4 nkv 


e^'dx 




(40) 


where j„ is the total emission/cm. 3 in all directions, k, is the absorption 
coefficient and dr v the element of optical depth. If the gas has a tempera- 
ture of the order of 1,000,000° K., the bound-free emissions can be 
neglected and only the free-free emissions will be of importance. The 
corresponding absorption coefficient per cm. 3 of the gas will be 


V ~N,N ( Z*v-ig m , . . . (4i) 


where Z is the ionic charge and is the Gaunt factor. The effect of 
negative absorptions is included in k v '. Since KirchhofFs law holds, 

j v —4nk v B v (T). . ■ • (42) 

In the far infra-red the Planck function B V {T) reduces to 


B V (T) 


2kTv 2 
c 2 ' 


(43) 


Then by integration of equation (40) 

I v =B v [l-e v o]~B v T v °=B v k v 'h . . (44) 


for an optically thin source. Thus the v 2 factor disappears and I, is 
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independent of v except for the dependence of g IU on v. Hence, if the 
radio-frequency radiation of the Crab nebula is the low-frequency end of 
an optical spectrum which is primarily due to free-free emission, the fluxes 
in the optical and radio continua cannot differ by more than an order of 
magnitude. 

The most careful examination of this hypothesis was made by Greenstein 
and Minkowski. At a frequency of 100 megacycles/sec. the total emission 
in the Crab nebula is 2-8 x 10 24 ergs/sec. /unit frequency, according to the 
measurements of Stanley and Slee. (62) At 24250, R. Minkowski finds the 
total flux to be 3-4 x 10 21 ergs/sec. /unit frequency, i.e. 800 times smaller ! 
Since the g m factor is about 10 in the optical region and 9 in the 
radio-frequency region, the hypothesis of thermal emission fails by a 
factor of 80. 

Therefore it is necessary to attribute the radio-frequency radiation from 
the Crab nebula to some non-thermal source. A significant clue is pro- 
vided by a recent photo-electric observation by J. Oort and T. Walraven, 
who found a polarization exceeding 30% in certain directions in the 
nebula. The polarization directions are parallel near the centre but oriented 
at random in the outer parts of the nebula where the resultant polarization 
finally drops to zero. This polarized radiation cannot be explained by free- 
free transitions. Oort and Walraven attribute it to the “synchrotron” 
emission of high-speed electrons in a strong magnetic field. The polarised 
radiation is confined almost entirely to the direction of the electrons 
motion. Radiation emitted according to this mechanism has a character- 
istic energy spectrum that falls off at very high frequencies but also extends 
to very low frequencies. Hence, the radio-frequency emission as well as the 
continuous optical emission and short-period changes in the nebula can 
be explained. A field of the order of 0-001 Gauss is required. The particles 
must be supplied continuously to the nebula and cannot have originated 
in the supernova explosion. An enormous total magnetic flux plus a huge 
supply of energy is required. 

Other strong galactic radio sources like the Cassopeia and Puppis sources 
also involve non-thermal radio-frequency radiation. Possibly synchrotron 
radiation occurs there also but the weakness of the optical continuum 
suggests a different spectral energy distribution. 

Minkowski has pointed out that a very pronounced correlation exists 
between the velocity dispersion in the nebulous filaments and the radio- 
frequency emission per unit volume. The Cassiopeia source whose indivi- 
dual filaments show velocity differences of the order of 1000 km. /sec. shows 
a much stronger emission than does IC 443, in which the irregular motions 
are of the order of 100 km. /sec. The non-thermal emission invariably 
seems to be associated with high velocities of the moving gases. 
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Extragalactic radio sources of high-power output are also known. The 
most powerful of these sources, Cygnus A (a=19 h 57 m 45 s , +40° 35' 46"), 
appears to be two colliding galaxies. As Spitzer and Baade showed, <63) 
when two galaxies collide the stars pass side by side without any collisions. 
On the other hand, the gas becomes very hot, and we should observe a 
continuum of stars plus high excitation emission lines. Spectrograms 
obtained by Minkowski show a radial velocity of 16,830 km./sec. The 
cluster to which this nebula belongs lies at a distance of 33,000,000 parsecs. 
The strongest lines are [MV], but there are also lines of [OI], [Oil], 
[OIII], [MI], Ha, HP, and [Mill]. The spectrum thus resembles that of 
a planetary nebula. 

These two colliding galaxies appear to be the brightest objects in this 
particular cluster. They are comparable, therefore, with our own galaxy. 
Baum found the line emission to be comparable with the radio-frequency 
emission and greater than that of the stars. A similar object is found in 
Perseus. The huge ellipsoidal galaxy NGC 5128 and Messier 87, one of 
the brightest spheroidal galaxies in the Virgo cluster, are also abnormally 
intense radio sources. Direct photographs of M87 show a jet of very 
unusual appearance which may be associated with the radio emission. 
The Andromeda nebula and the Magellanic clouds, on the other hand, 
are examples of “normal” galaxies similar to our own in so far as the ratio 
of radio-frequency radiation to optical radiation is concerned. 

Although the Crab nebula and Tycho’s supernova of 1572 have been 
identified as radio sources, it does not seem likely that all galactic radio 
sources are remnants of ex-supernovae. Since the very strongest sources 
like Cassiopeia are near the limit of existing optical telescopes we must 
expect that the bulk of the galactic sources detected by the larger radio 
telescope will lie beyond the reach of existing optical equipment. Many of 
the extra-galactic sources may be objects like M87. 

Although thermal free-free emission cannot account for the radiation 
from the prominent discrete sources, we might expect to detect some 
thermal radiation from large clouds of ionized hydrogen in the spiral 
arms. Furthermore, calculation shows that most observed emission nebu- 
losities can also produce absorption of radio-frequency radiation. Thus 
discrete sources like Cygnus X, which presumably lies behind clouds of 
ionized gases, might have their spectral energy distributions flattened as 
a consequence of this absorption. At frequencies greater than 500 mega- 
cycles/sec. the flat thermal spectrum of free-free emission should be 
observed from extended MI emission regions. 

Since these MI regions are strongly concentrated towards the galactic 
plane, a line of sight along a spiral arm should penetrate several of them. 
P. A. G. Scheuer and M. Ryle (64) reported a strip of radio emission 
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confined to a belt 4° wide centred on the galactic equator. They concluded 
that this emission was to be attributed to ionized hydrogen of a density 
similar to that found by optical methods. The required electron tempera- 
ture was about 20,000° K. 

Can emission from individual galactic nebulae be detected? The 
planetary nebulae are all too small, but we might expect that bright 
objects such as the Orion nebula would lie above the threshold of detecta- 
bility. At the Cavendish laboratory J. E. Baldwin* 651 was unable to find 
it at a frequency of 210 megacycles/sec. At a frequency of 3200 mega- 
cycles/sec. (9-4 cm.), Haddock, Mayer, and Sloanaker, (66) working at the 
Naval Research Laboratory, were able to detect not only the Orion but 
also several other diffuse nebulae. Their measurements indicated that if 
the source were spherical in shape the average electron density within 7-5' 
of the centre would be about 400/cm. 3 , a value consistent with Baldwin’s 
failure to detect it at 2140 cm. It is of interest that M17 is substantially 
brighter in radio frequencies than the Orion nebula, even though it is very 
much fainter in the optical region of the spectrum. The Naval Research 
Laboratory investigators have detected also the Trifid and Messier 8 
nebulosities. Boggess has combined his optical observations of NGC 6514, 
6523, 6611, and 6618 with these radio-frequency observations to secure 
estimates of the space absorption.* 671 The surface brightness in Ha will 
depend on N t and T t , according to the formulae we have developed. The 
radio-frequency emission per unit volume at frequency v will be 


kK 


Erfdv = NiN t — — 2 Z 2 g m e hvlkT ‘dv, 


where 


if the condition 


_V3 {2kT ( y> 2 
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(45) 

(46) 

(47) 


is fulfilled. This will be true if 7^3000 and T e < 40,000° at v=3200 mega- 
cycles/sec. Here Z 2 is the mean square charge and K— 3-26 x 10~ 6 . The 
ratio of emission per unit volume in Ha to that in radio-frequency radiation 


is found to be 
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=7-24 xlO 18 
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(48) 


Since the Ha and radio-frequency radiations originate in the same volume 
element, we may equate this ratio to &<./&/, i.e. the ratio of the surface 
brightnesses, and solve for the electron temperature provided there is no 
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space absorption. Space absorption diminishes the optical brightness, but 
not the radio brightness of a radio source. If the electron temperature can 
be found from the forbidden lines, one may find the space absorption. 
Since no independent data on the forbidden line intensities were available, 
Boggess adopted a value of 10,000° K. (appropriate to the Orion nebula) 
and solved for the amount of space absorption. In this way the values of 
the quantity A in Table VIII : 2 were obtained. The desirability of further 
observations of the forbidden line intensities and of the Balmer decrement 
for the purposes of establishing the electron temperature and the space 
absorption from purely optical data is evident. <68) 

The 21 -cm. radiation corresponds to the energy difference between two 
hyperfine states in the ground-level of hydrogen. This fine is emitted only 
in regions where neutral hydrogen is present. Measures of its profile and 
displacement give information on the motions, densities, and temperatures 
of clouds of neutral hydrogen in the line of sight. These studies have 
proven to be a very powerful tool for probing the spiral arms of the galaxy 
and evaluating the physical conditions in the HI regions.' 69 * 

In this connexion we must mention the work of Bok and his associates 
at Harvard who have measured accurate profiles of the 21 -cm. line with 
a velocity resolution of 3 km./sec. They find that the neutral hydrogen 
gas does not seem to be concentrated in regions where the particle 
density is high. The complex distribution of gas in the spiral arms is 
emphasized in Matthews’s investigations of the Perseus-Orion region. 
That the neutral hydrogen gas tends to be found in the same clouds as 
the atoms producing the interstellar lines or ionized calcium seems to be 
indicated by R. Lawrence’s study of high latitude fields where G. Munch 
had found stars with strong interstellar lines. 

T. K. Menon’s observations of the great Orion complex are of parti- 
cular interest. The 21-cm. profiles may be interpreted in terms of an 
expanding shell of neutral gas, whose centre of expansion corresponds to 
the supposed origin point of ,« Columbae and AE Aurigae. The total areas 
under the profiles remain the same from one point in the region to another, 
although the profiles tend to be sharper in the neighbourhood of the dust 
clouds of the Horsehead nebula. 

The line is usually observed in emission, although J. P. Hagen and E. F. 
McClain' 70 * have observed it in absorption in front of sources of high 
radio-frequency brightness. The Australian observers, F. J. Kerr, J. F. 
Hindman, and B. J. Robinson,' 71 * have studied the 21-cm. radiation from 
the two Magellanic clouds. They find that the neutral hydrogen extends 
well beyond the easily visible regions of each cloud and is much less 
concentrated towards the nucleus than are the bright stars. Although the 
amount of dust and bright-line nebulosity is very different for the two 
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clouds, the neutral hydrogen content is more nearly equal. It amounts to 
6 x 10 8 and 5 x 10 8 solar masses for the Large and Small Clouds, respec- 
tively, provided they are optically thin in the 21 -cm. radiation. The 
average density, about 0-2 atom/cm. 3 , is the same order of magnitude as 
that found from the ionic density in the ionized regions of the Large Cloud 
averaged over the volume of the cloud. 

At other radio frequencies B. Y. Mills finds evidence that the non- 
thermal emission from the Large Magellanic Cloud is probably more 
important than the thermal emission. The radio emission is distributed 
rather like the neutral hydrogen and bright stars rather than the unresolved 
nebulosity. Thermal radiation does appear to exist in the neighbourhood 
of the Loop nebula, 30 Doradus, the brightest emission in the Large Cloud. 

Radio astronomy will yield many important new results in the study of 
the diffuse nebulae and the interstellar medium. The sensitivity of existing 
equipment in certain frequency ranges is often low. Furthermore, this low 
resolution of these instruments means that only the gross features of the 
interstellar medium can be studied. Eventually small objects like planetary 
nebulae may be observable with some of the larger radio-telescopes that 
are projected. On the other hand, certain of the intense radio sources 
prove to have very interesting optical spectra which indicate that they are 
far from ionization equilibrium. The hydrodynamical and other properties 
of the objects will certainly lead to many engaging problems. 172 ' 
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NAVAL OBSERVATORY (U.S.A.), 32 
Naval Research Laboratory, 310 
Nebula, definition of, 1. See also galactic 
nebulae 

— extra-galactic, 1 1 

— spiral, 1 

— “white” 2 

Nebular transitions, defined, 79 
Nebulium, 78 
Negative absorptions, 118 
Network or Veil Nebula (NGC 6960, 6992, 
6995), 5, 154, 159, 282, 299-302 
New General Catalogue of Clusters and 
Nebulae (NGC), 1 
Non-coherent scattering, 275, 276 
North America nebulae (NGC 7000), 154 
Nova Aquilae, 1918, 3 
Nova (DQ) Herculis, 1934, 3, 163 
Nova Persei (1901), 3 
Novae, relation to gaseous nebulae, 3 

OORT CONSTANT, 87 
Oort relation, 87 

Operational equation in quantum mechanics, 
177 

Orion nebula (NGC 1976, M42), 1, 2, 7, 8, 9, 
11, 17, 24, 36, 40, 43, 59, 84, 88, 91, 93, 
96, 97, 98, 103, 105, 154, 155, 283, 284, 
285,296,297,310,311 

— spectrum of, 91 

— variables in, 105 
Oscillator strength, 81, 118 

— for hydrogen, 117 

— for continuum, 142 

Owl nebula (NGC 3587), 11, 244, 246 

PALOMAR SCHMIDT SKY SURVEY, 6, 14, 85 298 
Palomar 200-in. Hale telescope, 8, 41, 57, 59, 
251, 256 

— coude spectrograph, of, 19, 59, 270 
Paschen series of hydrogen, 75 

— of ionized helium, 218 

Pauli exclusion principle, 174, 175, 177 
P Cyngi characteristics in stellar spectra, 210, 
212 


Pfund series, 75 

Photography of gaseous nebulae, 12, 13 
Photometric calibration, methods of, 39, 40, 

41 

Photometry of gaseous nebulae, 23 

— by photo-electric methods, 23, 31-6, 204 

— by photographic methods, 24-7 

— by visual methods, 24 
Planetary nebulae, 2 

— central stars of, 202-24 

— chemical compositions of, 199 

— dimensions and forms of, 51, 54, 55, 56, 

57 

— distances of, 49-55 

— interpretation of spectra of, 72-84 

— membership in population type IT, 2, 51, 

55 

— space distribution of, 46, 48 

— spectra of, 57-72 
Pleiades nebulosity, 91, 93, 146 
Polarization of light in diffuse nebulae, 96 
Poynting Vector, 168 

— defined, 167 

Primary mechanism for excitation of hydro- 
gen lines and helium lines, 74, 75, 77. 
See also recombination spectra 
Proper motions of planetary nebulae, 50 

QUADRUPOLE RADIATION, 166-71, 184 

— selection rules for, 172 
Quadrupole moment, 168 

Quantum mechanics, equations for radiation, 
169 

— calculation of line strengths by, 173 et 
seq. 

RADCLIFFE REFLECTOR, 248 
Radial quantum integral for dipole transitions 
to continuum, 142, 144 

— for forbidden lines, 183, 184 
Radiation pressure 

— and mechanical equilibrium of stellar 
atmospheres, 226 

— in expanding planetaries, 275-7 

— in static planetaries, 275 

— separation of ions by, 271, 272 
Radiative equilibrium, for helium, 77 

— for <9111, 82 

— of a gaseous nebula, 111 
Radio-frequency observations of gaseous 

nebulae (21 cm.), 89, 311, 312 
Radio-frequency thermal radiation from 
diffuse nebulae, 90, 310, 312 
Radio-frequency sources, 302-12 
Rayleigh scattering in earth’s atmosphere, 
38 

Recombination spectra in afterglows, 130 
Recombination spectra in gaseous nebulae 

— continuous, 146, 147, 148 

— of carbon, 77 

— of hydrogen, 74, 75 

— of oxygen, 78, 80 

— theory of. 111 et seq. 

Reynolds’s number 

and relation to turbulence spectrum, 

292-4 

— defined, 291 

— for planetary nebulae, 246 


322 GASEOUS 

Ring nebula (NGC 6720), 2, 56 

— early observations of, 1 1 

— internal motions of, 271 

— isophotic contours of, 247 

— outer halo of, 238 

— photo-electric observations of, 32 

— structure of, 244, 248, 257 

Rosette nebula (NGC 2237, 2238, 2246), 6, 
86,88,93 

Rosseland mean absorption coefficient, 226, 
227, 228, 229 
Rydberg formula, 114 

ST. MICHEL OBSERVATORY IN HAUTE PROVENCE, 

14, 279 

Scalar potential, defined, 167 
Schmidt cameras 

— Baker super-Schmidt, 12 

— use for photography of nebulae, 6, 8, 12 
Schuster-Schwarzschild approximation, 132 
Scorpio Centaurus cluster, 88, 89 
Selection rules for radiation, 172, 173 
Simeis Observatory, 2, 257, 279 

Slater’s rules for calculation of wave func- 
tions, 144, 145 

Slitless spectrograph, 21, 27, 31 
Solar spectral energy distribution used as stan- 
dard for nebular spectrophotometry, 35 
Space distribution of planetary nebulae, 46, 48 
Spatial structure of planetary nebulae, 256-66 

— relation to internal motions, 270 
Spectra of gaseous nebulae, see diffuse neb- 
ulae, planetary nebulae, spectra of, etc. 

Spectrographs for nebular work, 17-23 
Spectrophotometry of gaseous nebulae by 
photographic methods, 37-41, 67, 72 

— by photo-electric methods, 69 

— errors in, 69 

— of Orion nebula, 91 

Spin-orbit interaction, 173, 175, 177, 183, 185 

— second-order effect in, 185 
Spin-orbit perturbation, 178 
Spin-other-orbit interaction, 185 
Spin-spin interaction, 185 

Spiral arms, defined by emission regions, 88, 89 
Spot sensitometer, 39 

Stark broadening of lines in stellar spectra, 
214,216 

Statistical equilibrium 

— in excited levels, 82 

— in ground configurations of complexions, 
192 

— in hydrogen, 113, 115, 118, 123 
Stellar energy distributions, 39 

— theory of, 225-30 

Stellar population types, 2, 4, 5, 98, 100, 201, 
202 

Stimulated emissions, 118 
Stratification of a gaseous nebula, theory of, 
234-9 

— observations of, 88, 89, 241, 246, 248-56 
Strength of a spectral line, defined, 169 

— formulae and tables of, 184, 185, 186-90 
Supernovae, 4 

— as radio sources, 304 


NEBULAE 

Surface brightness of nebulae 

— by method of relative exposures, 24 

— measurement of, 23-36 

— photometric standards of, 36 

T ASSOCIATIONS, DEFINED, 105 
Target area for collisional excitation of for- 
bidden lines, 186-93 

— tables of, 191 

Temperature of gaseous nebulae, kinetic, 17. 

See also electron temperature 
Temperatures of illuminating stars, 217-23, 
228 

Thermodynamic equilibrium, deviations 
from, 118 et seq. 

Tonanzintla Schmidt telescope, 8, 9, 97 
Transauroral transitions, defined, 79 
Transient effects of ionization and excitation 
in gaseous nebulae, 161, 162 
Transition probabilities, for forbidden lines, 
170-85 

— calculation of, 173-83 

— tables of, 187-90 

Triangulum spiral (M 33), 8, 9, 87, 98, 99, 
100, 185, 231, 303 

Trifid nebula (NGC 6514), 7, 84, 90, 93, 96, 
281, 287, 310 

Trigonometric parallaxes of planetary neb- 
ulae, 49 

T Tauri variables, 94, 102-6 
Turbulence, in gaseous nebulae, 16, 17, 268, 
291-9 

— in relation to galactic magnetic field, 288, 
295, 296 

— spectrum of, 293, 294 

— theory of, 293-5 

Two-photon emission in hydrogen, 151-4 

— in helium, 75 

Types of stellar population. See stellar 
population types 

ultra-violet radiation as source of excita- 
tion of Balmer lines, 74, 75 

VARIABLE NEBULAE, 102, 103 

Variable stars, combination (or symbiotic), 4 

— associated with diffuse nebulae, 102-106 
Vector potential, defined, 167 . 

Veil nebula. See Network Nebula 


WARNER AND SWASEY OBSERVATORY, 41 

Wave functions, 143, 144 

— for complex atoms, 173, 174, 177, 178 

— zero-order, 174, 176, 177 
Wolf-Rayet stars, 81, 205, 206 

— as central stars of planetaries, 207, 224 

Yerkes Observatory, 1, 22, 92 


ZEEMAN COMPONENTS 

— states, 176, 177 

— transition probabilities for, 169, 171, 180, 
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